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FOREWORD

The work described herein is being performed by the General Electric Company
under the sponsorship of the National Aeronautics and Space Administration under
Contract NAS 3-2534. 1Its purpose, as outlined in the contract, is to evaluate
materials suitable for potassium lubricated journal bearing and shaft combinations
for use in space system turbogenerators and, ultimately, to recommend those mate-
rials most appropriate for such employment.

R. G. Frank, Manager, Physical Metallurgy, Material and Processes, is admin-
istering the program for the General Electric Company. L. B. Engel, Jr., T. F.
Lyon, W, H, Hendrixson and B, L, Moor are directing the program investigations.
The design for the friction and wear testers was executed by H. H. Ernst and B, L,
Mcor.

-ix-



I. INTRODUCTION

The program reviewed in this tenth quarterly report, covering activities from
July 22, 1965 to October 22, 1965, is performed under the sponsorship of the National
Aeronautics and Space Administration. Its purpose is to evaluate materials suit-
able for potassium lubricated journal bearing and shaft applications in space system
turbogenerators operating over a 400° to 1600°F temperature range. The critical
role of bearings in such systems demands the maximum reliability attainable with-
in tdday's state-of-the-art. Achieving this reliability requires an interdisci-
plinary approach employing the best mechanical designs of journal bearings combined
with the selection of the optimum materials to serve as the structural members,
Satisfying this latter requirement constitutes the aim of this program.

A number of investigators have conducted studies in this field and their
contributions have advanced the state-of-the-art considerably (Section VIII, Ref.
1). Although their work is significant, there are no common criteria for a com-
parison of the existing data., Therefore, establishing a unified approach to the
development and evaluation of materials for potassium lubricated bearing applica-
tion is deemed essential, The program involves a comprehensive investigation of
material properties adjudged requisite to reliable journal bearing operation in
the proposed environment. This includes: 1) corrosion testing of individual mate-
rials and potential bearing couples in potassium liquid and vapor, 2) determination
of hot hardness, hot compressive strength, modulus of elasticity, thermal expansion
and dimensional stability characteristics, 3) wetting tests by potassium and 4)
friction and wear measurements of selected bearing couples in high vacuum and in
liquid potassium,

In cooperation with the cognizant NASA Technical Manager, 14 candidate mate-
rials were selected (Table I) from a compilation of existing data on available
materials, The materials reviewed fall into four broad catcgoriss:

Superalloys and refractory alloys with and
without surface treatment

® Commercial metal bonded carbides

Refractory compounds such as stable
oxides, carbides, borides and nitrides

Cermets based on the refractory metals

i and stable carbides
Each material is procured from appropriate suppliers to mutually acceptable

specifications and subsequently is subjected to chemical, physical and metallurgical
analyses to document its charateristics before utilization in the program. After
the documentation of processes and properties, the candidate materials undergo
corrosion, dimensional stability, thermal expansion, compression and hot hardness
testing, Considering the beatring material requirements and the information obtained
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on the candidate bearing materials which were subject to both potassium and non-
potassium testing, seven materials combinations listed below were selected in co-
operation with the NASA Technical Manager. Potassium corrosion and wvetting tests
and friction and wear measurements in high vacuum and liquid potassium will proceed
with these combinations.

Rotating Disc Stationary Rider

*1., Grade 7178 Mo-TZM

2, Mo-TZM Grade 7178
*3. Grade 7178 Grade 7178

4, Carboloy 907 Mo-TZM

5. Carboloy 907 Carboloy 907

6. TiC+10%Cb Mo-TZM
*¥7. TiC+10%Cb TiC+10%Chb

Those materials combinations marked with an asterick (*) were selected for
friction and wear testing in both liquid potassium and high vacuum., Where signi-
ficant differences in hardness exist, the softer material, i.e., Mo-TZM alloy,
was selected as the rider material (stationary specimen) to facilitate wear-in
during testing in liquid potassium., Couple No, 2 was selected to determine what
affect a hard rider material would have on the wear pattern of a soft disc material
in comparison with the reverse combination.

The decision to place considerable emphasis on the refractory metal bonded
carbides was based on their excellent stability at the higher temperatures. Also,
it was elected to test the hiard carbide materiais against themselves in order to
obtain a direct comparison of the friction and wear behavior of hard/hard combina-
tions vs hard/soft combinations where Mo-TZM alloy is one material in a pair. From
investigations conducted by Coffin (2,3), it was concluded that generally it is
desirable to have one of the materials harder than the other in order to facilitate
wear-in of the couple. If both materials are hard and brittle, the surface asperi-
ties on the weaker material can fracture and the resultant debris could cause severe
surface damage by abrasion. However, recent friction and wear tests and full scale
bearing tests conducted elsewhere (4), using liquid potassium as a lubricant, have
indicated superior performance of hard/hard combinations over hard/soft combinations
because of the tendency of wear debris from the hard material to become imbedded in the
soft material of hard/soft combinations and possibly resulting in a cutting action.

The ultimate product of this program will be a recommendation, substantiated
with complete documentation, of the material or materials which have the greatest
potential for use in alkali metal journal bearings in high speed, high temperature
rotating machinery for space applications. Hopefully, the results will indicate
the future course of alloy or material development specifically designed for
alkali metal lubricated Journal bearing and shaft combinations.



IT. SUMMARY

During the tenth quarter of the program, the topics abstracted below were
covered and the results interpretively presented in this report.

The Cb-1Zr alloy capsules which contained specimens of the Carboloy 907
and Grade 7178 materials and which were isothermally exposed to potassium for
1000 hours at 800° and 1200°F were sectioned and 0.020-inch thick layers from
the ID surface of the liquid zones were analyzed for carbon content. The
results show that carbon had transferred from both the Carboloy 907 and Grade
7178 materials to the Cb-1Zr alloy capsule wall at 1200°F, i.e., on the order
of 40-45 ppm in an 0.020-inch thick section. Essentially no transfer of carbon
was observed to have occurred at 800°F. Metallographic examination of the
Cb-1Zr alloy containment capsules which had been exposed for 1000 hours at
1600°F revealed a distinct layer of CbC on the ID surface of the capsules con-
taining specimens of Carboloy 999, Star J, and Carboloy 907. Chemical analyses
had shown carbon increases in the inner 0.020-inch layer of the Cb-1Zr alloy

capsule wall containing the above specimens to be 340, 215 and 145 ppm respectively.

Metallographic examination of the candidate bearing materials which were
exposed to potassium for 1000 hours at 800° and 1200°F and x-ray diffraction
analyses of the test specimens similarily tested at 1600°F have been completed.
No microstructural changes or evidence of attack was observed in any of the
candidate bearing material test specimens with the exception of Carboloy 999
and Zircoa 1027. A slight surface roughening was evident in the case of the
Carboloy 999 specimens exposed to potassium liquid at 800° and 1200°F and
significant corrosion reactions, observed in Zircoa 1027 specimens tested at
1600°F, were still evident in the Zircoa 1027 specimens exposed to both potas-
sium liquid and vapor at 800° and 1200°F. The transfer of carbon from Carboloy
999, Carboioy 907, and Grade 7178 materials to the Cb-1Zr alloy containment
capsule during the 1000-hour exposure to potassium at 1200° and 1600°F clearly
is substantiated by the results of the x-ray diffraction analyses of the test
specimens. The dissociation of WC to form pure tungsten was observed on the
surfaces of the three carbide materials listed above as well as for K601. 1In
addition, the formation of the complex carbides CoéWC4 and (Co,W)XC was detected
on the surface of the Carboloy 907 specimens exposed to potassium liquid and
vapor and the Carboloy 999 specimen exposed to potassium liquid.

The nine corrosion capsules containing candidate bearing material combi-
nations which were tested at 800°, 1200°, and 1600°F for 1000 hours have been
opened and the test evaluation of the test specimens has been initiated.
Visual examination of the specimens has been completed and metallographic and
chemical or x-ray diffraction analyses are in progress. Chemical analyses of
the inner 0.020-inch layer in the liquid region of the Cb-1Zr alloy capsule
which contained the Carboloy 907/Mo-TZM alloy test specimens and which were
exposed to potassium for 1000 hours at 1600°F showed a 210 ppm increase in
carbon content. Little or no carbon transfer was observed in similar capsules
which contained Grade 7178/Mo-TZM alloy and TiC+10%Cb/Mo-TZM alloy specimens.



Metallographic examination in the liquid zone of the Cb-1Zr alloy containment
capsules used in the 1600°F tests revealed CbC on the ID surface of the capsule
containing the Carboloy 907/Mo-TZM alloy test specimens.

The potassium reservior of the wetting test facility was filled with approxi-
mately 10 grams of potassium and initial wetting tests were conducted on a Mo-TZM
alloy specimen. A drop of potassium was formed successfully by distilling po-
tassium over to the Cb-1Zr alloy condenser for 1 1/4 hours at 210°-220°C and sub-
sequently allowing the potassium to melt by passing hot air through the condenser
tube. The volume of the solid drop that formed on the specimen was about 0.12 cc
and the mass was about 0.10 gram. Three separate trial wetting tests were made
with the Mo-TZM alloy. These tests demonstrated that the contact angle of the
potassium drop depends on the previous history of the solid surface and, in
particular, on whether the'surface has been previously wetted by potassium.

On a previously wetted surface of Mo-TZM alloy, the contact angle of a potas-

sium drop at a specimen temperature of 115°C at the time the drop was formed
was about 10 degrees.

An analysis of the initial tests conducted in the high vacuum friction and
wear tester necessitated an investigation of the loading arm design. It was
found that the spring rate of the loading arm bellows in the plane of the speci-
mens gave unacceptally high unloading errors if any appreciable wear of the
specimens occurred under light loads. A design change was made to reduce the
bellows spring rate from 0.020 1b./0.001-inch of wear to 0.002 1b./0.00l-inch
of specimen wear. Subsequently, all the loading arms were modified to in-
corporate the design change and three tests were conducted at room temperature,
at speeds of 500 and 800 SFM and 4t pressures of 6.2 x 10'10 to 1.2 x 107
torr. Coefficient of friction values of 0.54 were calculated for Grade 7178
vs Grade 7178 carbide at a load of 6.1 lbs. (484,700 psi); a coefficient of
friction value of 1.0 was calculated for Mo-TZM alloy vs Grade 7178 at a load
of .08 ib (94,800 psi).

The test facility for the liquid potassium friction and wear test rig has
been completed with the exception of final welding of the potassium fill and
drain lines. With the test rig blanked off, the test facility was baked out
and evacuated to a pressure of 1 x 107’ torr by means of a getter-ion pump.
Trial friction and wear tests with liquid potdssium will be initiated in the
next reporting interim.



ITI. TEST FACILITIES

A, Friction and Wear in High Vacuum

An analysis of the test results of test 200K05A*, in which the coefficient
of friction had dropped drastically during the testing interval, necessitated
an investigation of the loading arm design--specifically the spring rate of the
bellows and the accuracy of the 20-pound load cells in the load range of frac-
tions of a pound.

Loading Arm Redesign

The initial arm design had a calculated bellows spring rate of 0.020 1b./
0.001 inch in the plane of the specimens. This spring rate gave unacceptably
high unloading errors if any appreciably wear occurred under light loads. A
design change was made, as shown in Figure 1 which consisted essentially of
lengthening the bellows, attaching the bellows to the arm at the gimbal center-
line and moving the gimbal centerline further away from the main shaft center-
line. These changes decreased the calculated spring rate to 0.002 1b./0.001
inch of wear. Detailed analyses and calculations used in the redesign of the
loading arm are given in Appendix A.

Rework of the loading arms to the design shown in Figure 1 has been com-
pleted and the arms reassembled and tested for bellows spring rate with the
arms in the testing position. The spring rates in the specimen plane were be-
tween 0.00222 and 0.00477 1b./0.001 inch of wear, averaging about 0.0034 1b./
0.001 inch. Although these spring rates are higher than the calculated
0.002 1b./0.001 inch they are much lower than the previous calculated spring
rates and will produce acceptable unloading errors.

Force Pickup Accuracy

The forces read during the fractional-pound compression load tests, as
well as the force pickup calibration curves, indicate that the inherent in-
accuracies of the force pickup are unacceptable for the lighter loads. Al-
though it was believed that careful calibration before each run would account
for all such errors, this is apparently not true. For the 20-1b. force pick-~
ups, the non-linearity of the curve of imposed force vs. output voltage
amounts to (or less than) 0.005 (20 1b.) = 0.10 1b. and hysteresis is 0.001
(20 1b.) = 0.02 1b. If not corrected, these errors are unacceptable. With
good repeatability of the signal, it should have been possible to establish
a calibration immediately prior to testing which would account for both
errors. However, the fractional-pound forces were apparently too low to
produce proper signal repeatability.

Room temperature test of Grade 7178 vs Mo-TZM alloy at 500 SFM and K load.
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An investigation of several types of force pickups led to the conclusion
that a LeBow 3108-2 and 3108-5 (2-1b. and 5-1b. capacities) would be the best
choices for the lower loads. These are 4-arm bonded strain gauge bridge trans-
ducers with non-linearity and hysteresis each about 0.1% (or less) of rated ca-
pacity (0,002 1b. and 0.005 1lb.). Full load deflection is 0,004 inch, It is
stated that dual sensor construction will give a true reading of components
parallel to the sensor axis, even though loads may be off center. Excellent
linearity allows a small portion of the full range to be expanded for full scale
indication of capacities much smaller than rated capacity.

In order to obtain large signals on the Sanborn tape recorder and check
force pickup performance, these more accurate force pickups also will be cali-
brated prior to and after each run. The pre-test calibration will assure that
good accuracy will be obtained from the Sanborn tape trace by determining the
proper amplification of the signal generated by the pickups at the expected
friction loads. Also, it will identify zero-drift, which can occur if the pickup
is accidentally loaded beyond its yield point. The post-test calibration will
assure that the pickup was not damaged during the test and that the entire
tape accurately records friction force,

The 2-pound force pickup will be used for about 80% of the high vacuum
tests, about 10% of the tests will require the 5-pound pickup, and the re-
mainder will require the 20-pound pickup.

The 2-1b. capacity force pickup was received and installed on the tester.
A typical in-plzace calibration is shown by Figure 2, The average hysterisis
is about + 1.4% of the largest calibration load, and is considered satisfactory.
Some of this hysterisis undoubtedly is in the calibration load application and
signal readout equipment and is not present during actual testing. For com-
parison, a typical calibration for the 20-1b. capacity load cell is shown in
Figure 3 and cbviously is not suitable for fractional-pound loads.

Analysis of Loading System Errors Due to Dimensional Inaccuracies

A detailed analysis of the effects of dimensional errors upon the accuracy
of the specimen loading system was made, with 96% confidence in the demensions
used. The result of the error analysis are given in Appendix B and are summa-
rized below:

A, The loading error is:

Z:e = 0,552 + 100 tan (0,00451 + 0.00081 T)

+ 0.26734 + 1.5040P 9 2,50 2
Yl 6N + 100 -
10000P . 0.250 + b
+ 50 Yl s * 801,.60Ad - 1606.4 Adz + ff e e e s %




~ Deflection, mm.

Coefficient of Friction, f (Uncorrected for Drift)

0 0.5 1 1.5 2
N TN A TN U N S B O B B
A, = Load Increasing, Pretest
¥v,d = Load Decreasing, Pretest
50— — 1
X 0.010
Amplification
>
40—
30+—— X 0.020
Amplification
20— _
!
10— S
q
S
04 y
0 0.5 1. 1.5
Load, lbs.
81072-2
Figure 2, Two-Pound Force Pickup Calibration for Test 100KO08A

(Assembly VII-2),
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Deflection, mm,

Coefficient of Friction, f (Uncorrected for Drift)

0.5 1

50

40

W
(]
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Y = Load Decreasing, Pretest

X 0.005
Application

Load, 1bs.

Figure 3, Twenty-Pound Force Pickup Calibration for Test 300705B
(Assembly VII-1),

B1072-3
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Wh.el e

Y1,6 = ve?tical runout of disc specimen when rotated about
main shaft axis, in,

N = rotating speed, RPM

b = out-of-plane deviation of disc specimen surface
to be tested, in.

Ad = deviation of rider specimen diameter from 0,2495 in.,
in,

With a test procedure which holds 100 tan (0,00451 + 0,000801T) to 1% and
Y to + 0.001 in.,

1.6
0.26734 + 1,5040P" 9
Ze = 101,552 + 0,001 N” + 50
1000P
2
2,50 9
0.250 + b + 801.60Ad - 1606.3Ad" + ff .
At 764 RPM, 2
0.15605 2.50
g8 = 102.45 + _
P 0.250 + b
_ 2
+ 80160 A d - 1606.4 A d +ff. e e e e e e e e %
At 4778 RPM, 2
Z 6.1032 2,50
e = 135,91 4 ——m— -~ ——
50 P 0.250 + b
- 2
+ 801,60 Ad - 1606,4 Ad + f.. .. ... %

With no errors due to the variables in the equations, the constant portions
of the errors would be:

Zsec = 2.45%

E:soec = 35.91%

-12-
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This emphasizes the strong effect of the + 0.001 in. runout in the disc
specimen at 4478 RPM.

B. The speed error is:
LE = 1.336%

C. The force error into the pickup is:

ffP ff ff P

If = 0.005 + L 4 9667 _ 5 05 + - <5¥i-+ 0.66?) 1
D. The pickup calibration force error is:

zfl = 0.015%

The above summaries refer only to those errors from dimensional discrep-
ancies and cannot be considered full system inaccuracies.

B. Friction and Wear in Liquid Potassium

Low Speed Impeller Pump Test

Water flow tests were conducted using the low speed impeller to determine
the shaft rotational speed that would achieve equal flow over the top and bottom
discs. The cannister, Figure 4, fabricated to supply water to a known level
with respect to the impeller and to accurately collect the flow from the upper
and lower specimens,was bolted rigidly to the main bearing housing. Water was
supplied through the bottom of the cannister at a sufficient rate to maintain
a steady drip through the overflow tube during the test. The water, which was
pumped through the specimen holders and across the disc specimens, impinged
against the walls of the cannister and fell into trays. Subsequently, the
water flowed through metal and plastic collector tubes into graduated beakers.
To inhibit splashing, a rubberized mat was placed between the specimens and
the cannister walls. The collection period was ten minutes.

The flow quantities measured are shown in Figure 5. No measureable flow
was achieved at 478 RPM (500 SFM) even at the highest water levels which were
considered to be consistently obtainable inside the tester during actual tests.
Based upon this curve, it was recommended that the planned lower test speed
(for both the liquid potassium and high vacuum friction and wear tests) be
changed from 478RPM (500 SFM) to 764 RPM (800 SFM). A speed of 764 RPM will
give a balanced flow of approximately 30 cc/min. across the specimens at a
medium water supply level.

High Speed Impeller Pump Test

Water flow tests with the high-speed impeller assembly, Figure 6 , were
conducted initially in a glass beaker without collection trays to obtain
quantitative information on the speed at which flow first occurred across the

-13-
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Figure 4. Schematic of Device for Calibrating Potassium Flow

Over Friction and Wear Specimens.
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Figure 5. Water Flow Achieved with the Low-~Speed Impeller of the
Potassium Friction and Wear Tester.
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specimens and on the severity of vortexing. These tests showed that with the
liquid level about 0.375 inch below the lower specimen holder, vortexing was
observed at speeds of 1250 RPM  and was unacceptably severe above 2000 RPM; at a
liquid level about 1.250-inch below the lower specimen holder, vortexing was
noticed at 1500 RPM and was unacceptably severe above 3300 RPM. Subsequently,
a plastic baffle 0.25 inch thick was fabricated to the same pattern as that
used to fabricate the Cb-1Zr alloy baffle for the potassium sump and installed
in the flow test facility. Tests with the liquid level about 0.375 inch below
the lower specimen holder were repeated. Although the liquid surface was quite
agitated above 4000 RPM, the full speed requirements of 4775 RPM were reached
without impeller inlet starvation. Flow started across the lower specimen at
1500 RPM and across the upper specimen at 2250 RPM. When the tests with the
liquid level about 1.250-inch below the lower specimen holder were repeated,
the surface was smooth to 4850 RPM. 1In the latter tests, flow started across
the lower specimen at 2000 RPM and across the upper specimen at 3000 RPM. It
was concluded that the present baffle design is satisfactory. However, proof
of its efficiency in potassium at several different temperature levels will
have to be obtained with liquid potassium. ' '

Check tests with the water collectors in place showed that with the lower
specimen orifices plugged, the flow over the upper specimen was 48 cc/min at
4770 RPM. Leakage on the lower specimen was 9 cc/min. With both flow orifices
open, a flow of 54 cc/min. was measured over the lower specimen and 7 cc/min.
over the upper specimen, Figure 7. Subsequent tests will be conducted with
the high speed impeller to determine the proper size of the lower orifice in
order to achieve a balanced flow of 30 cc/min., the expected flow at 764 RPM
across both specimens.

Test Facility

The test facility for the liquid potassium friction and wear tester has
been completed with the exception of final welding of the potassium fill and
drain lines to the test rig. Heaters, thermocouples, and thermal insulation
were installed, and the system was baked out at temperatures up to 750°F to
demonstrate heater capability for removing residual potassium from the test
assembly by vacuum distillation. The flange connection between the facility
and the test rig was blanked off, and the facility was evacuated to a pressure
of 1 x 1077 torr by means of a getter-ion pump. A photograph of the completed
assembly is shown in Figure 8. ‘

The following minor modifications were made to the facility to facilitate
liquid metal operation.

1. The potassium sampling valves were relocated and an additional argon-
vacuum valve added to the system to simplify the potassium sampling
procedures during filling and draining operationmns.

2. A 0.500-inch OD tube well was added to the hot trap tank to provide

a means of monitoring the hot trap liquid level with a MSA portable
level probe.

-17-
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Figure 7. Water Flow Achieved with the High-Speed Impeller of the
Potassium Friction and Wear Tester.
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Figure 8. Liquid Potassium Friction and Wear Test Facility.
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3. A calibrated volume tank was installed in the fill line to assure

that the proper quantity of potassium will be transferred to the test
rig.

4. An alternate method of liquid level detection in the test rig was in-
corporated into the facility. Water flow tests with the impeller pump
indicated a faster liquid level monitoring response time is required
than what could be achieved with the nuclear 1liquid level gauge. The
alternate system, described below, has been tested with water and has
a repeatability of 0.1 inch of water. This is equivalent to a level
change of approximately 0.13 inch of potassium at 600°F. The system
operated satisfactorily with less than 0.1 SCFM argon flow.

The alternate liquid level system is shown schematically in Figure 9 and
is functionally identical to "bubbler" type level measuring devices which have
been used successfully in the process industries. The system will measure the
vertical distance between a dip tube located in the lower section of the po-
tassium sump and the liquid-gas interface by flowing a small amount of inert
gas through the dip tube. A differential pressure measurement is obtained
which is proportional to the height of the liquid in the dip tube. The system
to be used consists of a differential pressure gauge (0 to 10 inches of water),
a variable area gas flowmeter and a fine control needle valve. Argon gas flows
through the needle valve and flowmeter into the liquid potassium extraction line
(dip tube) which is connected to the high pressure side of the differential
pressure gauge. The low pressure side of the differential pressure gauge is
connected to the test rig argon-vacuum system.

-20-
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IV. TEST PROGRAMS

A, Corrosion

Candidate Bearing Materials

The Cb-1Zr alloy capsules which contained the Carboloy 907 and Grade 7178
specimens and which were used for the 1000-hour, 800° and 1200°F isothermal po-
tassium corrosion tests were sectioned and 0.020-inch layers from the ID of
the liquid zones were analyzed for carbon content. The location of the samples
and methods of sectioning and analysis were the same as employed for the capsules
tested at 1600°F.(5) The data are presented in Table IT and summarized in Table
IT along with the data previously reported for the 1600°F tests. The results
show that carbon had transferred from both Carboloy 907 and Grade 7178 to the
Cb-1Zr alloy capsule wall at a temperature of 1200°F, i.e., on the order of
40-45 ppm in a 0.020-inch thick section. Essentially no transfer of carbon
was observed to have occurred at 800°F.

Metallographic examination of the Cb-1Zr alloy containment capsules used
in the 1600°F corrosion testing of candidate bearing materials revealed no
significant changes in the microstructure as a result of the 1000-hour ex~
posure except in those capsules that contained Carbo%g¥ 999, Carboloy 907, and
Star J specimens. Through stain etching techniques, a layer of CbC was
identified on the ID surfaces of these capsules, Figure 10. This is in agree-
ment with the relatively large increases in carbon observed in the inner '
0.020-inch portion of the wall of the capsules by chemical analyses.

The metallographic examination of the candidate bearing materials test

{ - £ fm O 17 2T Tace comceloc £~wm TANN
specimens that were exposed to poiassium in Uw—i4Y ai1i0y capsuies ror 1000

spec
hours at 800° and 1200°F has been completed. Results of the metallographic
examination of the candidate bearing materials tested at 1600°F were previ-
ously reported.(5) No microstructural changes or evidence of surface attack
was observed in any of the candidate bearing material test specimens with the
exception of the Carboloy 999 specimen exposed to potassium liquid and the
Zircoa 1027 specimens exposed to potassium liquid and vapor. In the case of
the Carboloy 999, only a slight surface roughening was evident after the 1000-
hour exposure to potassium liquid at 800° and 1200°F as compared to an apparent
0.0004-inch deep corrosion reaction observed in a similar specimen tested at
1600°F, Figure 11. Essentially no change was evident in the microstructure of
the Carboloy 999 specimens that was exposed to potassium vapor at 800° and
1200°F in contrast to the 0.0002-inch deep corrosion reaction observed in the
Carboloy 999 specimen that was tested in potassium vapor at 1600°F. With re-
spect to the Zircoa 1027 material, the corrosion reaction observed in the
specimens tested at 1600°F was still evident, although considerably less
extensive, in the specimen tested at 1200°F and the outer portion of the speci-
men tested at 800CF, Figure 12. Similar reactions were observed both in the
liquid and vapor zones.
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TABLE II. CARBON CONTENT OF Cb~1Zr ALLOY CAPSULES CONTAINING
CANDIDATE JOURNAL BEARING MATERIAL TEST SPECIMENS AFTER
EXPOSURE TO POTASSIUM FOR 1000 HOURS AT 800° AND 1200°F

Candidate Test
Bearing Materials Temp,., °F
Carboloy 907 1200

800
Grade 7178 1200
800

Control (1005-7) —
Control (1005-4) —

As-Received (Bulk?) —_—

Capsule

No, ‘

BIC~7

BIC-25

BIC-33

BIC-32

Carbon
Content

ppm
80/100
60/60
80/100
30/30
50/30
50/70

40

1Analyses of Inner 0.020-Inch Thick Layer of Cb-1Zr
Alloy Capsule in Liquid Zone by Combusion Conducto-

metric,

20.080-Inch Thick Wall.
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TABLE ITT . SUMMARY OF CARBON TRANSFER FROM CANDIDATE
BEARING MATERIALS TO Cb-1Zr ALLOY IN POTASSIUM

Carbon Increase (ppm) in Inner 0.020-
Inch of Cb-1Zr Alloy Capsule After
1000-Hour Exposure to Potassium

Material Composition 1600°F 1200°F 8000F
Carboloy 999 97%WC~3%Co 340 - -
Star J 177W-32%Cr-2 .5%N1i 215 — -

3%Fe-2.5%C-Bal Co

Carboloy 907 747WC-20%TaC-6%Co 145 45 10

Grade 7178 85.6%W-6.97Mo~-1.8%Cb 70 40 0
0.3%Ti~-5.77%C

TiC+10%Cb 83.6%TiC-9.5%Cb-5.9%ZWC 0 - -

Mo-TZM Mo-0.5%Ti-0.08%Zr-0.02%C 0 - -

=25-



Figure 10.

Carboloy 999 Test Specimens (Capsule BIC-10)
(A060412)

Carboloy 907 Test Specimens (Capsule BIC-9)
(A060212)

e —

e

Star J Test Specimens (Capsule BIC-40)

(A062012) B1072-10

Microstructure of Transverse Sections of Cb-1Zr Alloy Containment Capsules

Showing CbC Layers on ID Surfaces in Liquid Zone After Corrosion Testing

of Candidate Bearing Materials for 1000 Hours at 1600°F.

Etchant: Stain Etched (Ref. 6) Magnification: 1500X
N.A.: 0.95
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1600°F-Liquid Zone 1200°F-Liquid Zone
Post Test (A050323) Post Test (A330112)

Note Apparent Surface Attack

to a Depth of 0,0004 Inch,

Pre-Test (A050313)

Post Test (A880112) B1072-11

Figure 11. Microstructure of Transverse Sections of Carboloy Grade 999 Before gnd
After Exposure to Potassium for 1000 Hours at 800°, 1200°, and 1600 F.

Etchant: 10%NaOH, Electrolytic Magnification: 2000X
N.A.: 1.30
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Other candidate bearing materials that exhibited some attack due to ex-
posure to potassium at 1600°F and which showed no attack at 800° or 1200°F are
Carboloy 907 (Figure 13), TiC (Figure 14), and TiC+5%W (Figure 15)., The
Carboloy 907 specimens tested at 1600°F in potassium liquid and vapor showed
corrosion reactions on the surface to depths of 0.0007 inch and 0.0001 inch
deep, respectively., The TiC and TiC+5%W specimens tested at 1600°F in potas-
sium liquid had exhibited a surface roughening and what appeared to be inter-
granular attack to depths of 0.0002 inch and 0.0004 inch, respectively; only
surface roughening was apparent on the TiC and TiC-5%W specimens tested in
potassium vapor at 1600°F,

No changes in phase morphology were observed in the Star J specimens tested
at 800° and 1200°F as were observed in the specimens tested at 1600°F (Figure 16).
This is in agreement with the dimensional changes that were observed after the
1000-hour exposure,

Although examination of the Grade 7178 specimens tested at 800°F and 1200°F
revealed no significant differences from the specimens tested at 1600°F, a greater
amount of eutectic phase was retained through improved metallographic procedures
(Figure 17). The fact that the structures still appear to be more coarse after
the 1000-hour exposure is attributed to inhomogeniety between specimens.

The x-ray diffraction analyses of the candidate bearing material specimens
exposed to potassium liquid and vapor at 1600°F for 1000 hours have been com-
pleted. The phases detected on the surface of the specimens before and after
testing are shown in Table IV. No phase changes were observed after testing
the following materials: TiC, TiC+57%W, TiC+10%Mo, TiC+10%Cb, Lucalox (A1203)9

and T1B2.

|

J The transfer of carbon from the tungsten carbide base Carboloy 999,
Carboloy 907, and Grade 7178 materials to the Cb-1Zr alloy containment capsule
during the 1000-hour exposures to potﬁssium at 1600°F and 1200°F, which was
discussed in Quarterly Report No. 8(7) and on page 23 of this report; clearly
is substantiated by the results of the x-ray analyses of these materials. All
of the specimens of the forementioned materials which were exposed to potassium
liquid exhibited a major surface change from WC to tungsten. Although no in-
crease in carbon was observed in the inner 0.020-inch layer of the Cb-1Zr alloy
capsule containing the K601 material, pure tungsten also was detected on the
surface of the K601 specimens exposed to potassium liquid. A minor amount of
tungsten also was detected on the surface of the K601 specimen exposed to
potassium vapor; no tungsten was detected on the surfaces of the Carboloy 999,
Carboloy 907 and Grade 7178 specimens exposed to potassium vapor., In addition
to tungsten, a minor amount of WC was detected on the surfaces of the Carboloy
999, K601, and Grade 7178 specimens after exposure to liquid potassium; no

WC was found on the surfaces of the Carboloy 907 after exposure to potassium
liquid,

The formation of Co,W,C and (Co,W)_C was detected on the surface of the
Carboloy 907 specimens eXposed to potassium liquid and vapor and the Carboloy
999 specimen exposed to potassium liquid. These two phases were not detected
in the Carboloy 999 specimen exposed to potassium vapor.
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1600°F-Liquid Zone

Post Test (A052323)
Note Apparent Surface Attack
to a Depth of 0,0007 Inch,

| I | | | J

' . , %jm' : ' ; : 5 ) v
AL AT B SAAL ) A T X2
Pre-Test (A052313) 800°F-Liquid Zone

Post Test (A880212) B1072-13

Figure 13. Microstructure of Transverse Sections of Carboloy Grade 907 Before and
After Exposure to Potassium for 1000 Hours at 800°, 12000, and 1600°F.

Etchant: 10%NaOH, Electrolytic Magnification: 2000X
N.A.: 1.30
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1600°F-Liquid Zone 1200°F-Liquid Zone
Post Test (A051923) Post Test (A330812)
0 0.0005 0.001
]

Pre-Test (A052013) 800°F-Liquid Zone
Post Test (A880812) BL072-14

Figure 14. Microstructure of Transverse Sections of TiC Before and After
Exposure to Potassium for 1000 Hours at 800°, 12000, and 1600°F.

Etchant: 80HNO4+20HF Magnification: 2000X
N.A.: 1.30
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1200°F-Liquid Zone

Post Test (A051523) Post Test (A330912)
0 0.0005 0.001
1 1 1 1 |
Inch
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{ Voids Enlarged;{ ¢
« = During Etching’' g
= “ .»‘- b 4 - » "
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Pre-Test (A051513) 800°F-Liquid Zone

Post Test (A880912)
B1072-15

Figure 15. Microstructure of Transverse Sections of TiC+5%W Before and After
Exposure to Potassium for 1000 Hours at 800°, 1200°, and 1600°F.
Etchant: 80HNO4+20HF Magnification: 2000X

N.A.: 1.30
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1600°F-Vapor Zone 1200°F-Vapor Zone
Post Test (A050622) Post Test (A331222)

Pre-Tes

A 2 ¢ :
t (A050611) 800°F-Vapor Zone

Post Test (A881222)
B1072-16
Figure 16. Microstructure of Transverse Sections of Star J Before and After

Exposure to Potassium for 1000 Hours at 800°, 1200°, and 1600°F.

Etchant: 27 Chromic Acid, Electrolytic Magnification: 1000X
+ Grosbeck's Reagent N.A.: 0.85
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ﬁﬁ(MO,Cb)ZC: L O
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1600°F-Liquid Zone 1200°F-Liquid Zone
Post Test (A050724) Post Test (A331112)
0.0005 0.001
1 ] ]
Inch

25;‘ ¢ J?%ho,bb)gb"rk'f % '¢‘

e Y

Pre-Test (A050714) 800°F-Liquid Zone

Post Test (A881112)
B1072-17

Figure 17. Microstructure of Transverse Sections of Grade 7178 Before and After
Exposure to Potassium for 1000 Hours at 800°, 1200°, and 1600°F.

Etchant: 10%NaOH, Electrolytic Magnification: 2000X
N.A.: 1.30

-35-




The greater stability of carbon in the Carboloy 907, K601, and Grade 7178
materials over the Carboloy 999 material, as indicated by the amount of carbon
transfer to the Cb-1Zr alloy capsules might be explained by the presence of the
more stable carbides TaC, (W,Ta)zC, and (Mo,Cb)ZC, respectively, in these mate-
rials.

The Zircoa 1027 specimens exhibited an inversion of the cubic ZrOy to mono-
clinic ZrOj during testing at 1600°F in both potassium liquid and vapor. These
results ar?8§n agreement with the large dimensional changes observed in these
specimens. From the dimensional stability tests on Zircoa 1027 in vacuum,
which revealed dimensional changes considerably smaller than those observed in
the corrosion testing in potassium at 1600°F, and the metallographic and visual
examinations of the Zircoa 1027 corrosion specimens tested at 1600°F, it appears
that the potassium is reacting with the stabilizers in the Zircoa 1027 resulting
in the conversion of the cubic Zr0y to the more stable monoclinic Zr0O, at lower
temperatures.

Candidate Bearing Material Combinations

The nine Cb-1Zr alloy capsules containing the candidate bearing materials
combinations and which were exposed to potassium for 1000 hours at 800°, 1200°,
and 1600°F have been opened under argon, the potassium was drained, and the speci-
mens were cleaned by vacuum distillation in the manner described in Quarterly
Progress Report No. 7. Three capsules containing specimens of the following
material combination both in the liquid and vapor regions were tested at each of
the three test temperatures:

Mo-TZM vs Carboloy 907
Mo-TZM wvs TiC+107%Cb
Mo-TZM vs Grade 7178

The weight and dimensional measurements of the specimen paris testeddt
800°, 1200°, and 1600°F were obtained and the data are reported in TablesV, VI,
and VII respectively, along with the pre-test data and observed changes. A
summary of the data is given in Table VIII., The data were ev?%yated in the same
manner as that described in Quarterly Progress Report No. 7.

The weight losses observed in the Carboloy 907 specimens (MCN 1036-A13 and
MCN 1036-Al4) tested at 1600°F in combination with Mo-TZM alloy are believed to
be the result of carbon transfer to the Cb-1Zr alloy containment capsule and
possibly to the Mo-TZM alloy specimens. The Gibbs free energy change for the
later reaction is:
0.449 WC + Mo

=0 + 0.449W

(s) (s) = MoCy 449(s) (s)

and at 1143°K:

AG1143°K = 2430 cal (9)

~36-



do0622 3 JINOH g/T1 PIARTIdY ssaxys (1)

80% O+ 9°c+ 1166°02 S98S 02 L1270 $ST 0+ 266vg° " 8E6Y2°0 621 0~ 2€° 0+ Ly8vz2 0 120°0~ w’o- 0v000°2 18000°2 xodes  Ziv-2£01 (1)yNZ1-°K

8LIL

¥60° 0~ £1- GZEL 62 BEEL 6T 91T 0+ 6Z°0+ LS1SZ°0 82182°0 9L0° 0+ 61°0+ 1616%°0 2EISL’O 200°0~ S0°0- ¥8200°2 68200°2 xodes  Z1v-9v01 opexp

e1€° 0+ €'pt LS8P°0Z VISV 0T 2SE O+ L8°0+ 2€892°0 SHLYZ O ZET 0+ €€° 0+ 6£6V2°0 906730 200° 0+ SO° 0+ 0v000°2 SE£000°2 PINbYT  TT¥V-L€01 (1)AZ1-°K

8L1L

L0070~ 1°0- 0r99°6Z 1P99°62 ¥20° 0+ 90° 0+ €2152°0 LI1SZ°0 vP0° 0+ 1o+ 29152°0 1616870 200°0~ ¥0°0- 0Lz200°2 ¥2200°2 PIRDIT  TIV-9%0T apean
€5-01d °"oN 21nsde)

62070+ v 0o+ 9G8£°0Z ZSSE’0C z210°0~ £0°0- SSLPZ 0 8GLYZ°0 000°0 00°0 0€LVZ 0 0ELPE 0 00" 0+ 60°0+ Ly000°2 8E£000°2 Jodep  pTY-LEOT ACENsnca

voL 0+ 2°01+ £€9%6°01 T19€6°01 ¥00° 0~ 10°0- 09252°0 192S2°0 000°0 00°0 6£2S2°0 6€3S5°0 800° 0+ ST O+ g1100°2 16000°2 Todep 8Y-S¥0T q0%01+0TL1

¥60° 0+ €1+ POES 02 1SES° 08 L1170+ 62°0+ 928%2°0 LE6LYT O gL0 0+ 8170+ 8Y6¥2°0 0€6v: "0 v00° 0+ 80° 0+ §L666°1 19666° 1 PIRbIT €£1¥-L£01 (1)NZ1-0m

SPT° 1+ L7 ST+ €828°'01 9218°'01 000° 0 00°0 (444 k4441l €21 0+ 1€°0+ 16292°0 09262 °0 ¥10° 0+ 820+ 5192671 16SL6° 1 pINnbrT LV=SP0T QD%01-OTL
6G-0Ig "ON 3Tnsde)

1S0° 0+ L°0+ S601°T1Z 880112 800°0- 20°0- 1€252°0 £€2%2°0 800°0+ 20" 0+ 28162°0 G816 0 £00° 0~ 80" 0~ 81666°1 $2666° 1 xodep  ggv-L€01 AﬂvENFIQE

L06

L80° 0+ 271+ €8PS 0E LLPS OC 0%0° 0+ 01’0+ 19162°0 18182°0 6L0° 0+ 0z ° 0+ 8L162°0 861620 600° 0+ 81°0+ £€6200°2 SLz00°2 Todep OTv-9€01 4otoqre)

TET 0+ 8° 1+ SZI1' 1z LOT1°12 81z°0+ GG 0+ 0826z2°0 622S2°0 L9170+ ep o+ 2£2S2°0 0615°0 100° 0+ 20° 0+ 11666°1 60666 1 PINDIT  1ZV-LE01 :vﬁNhncﬁ

L06

0¥z ' 0+ €' gt €2PP°0E  06ED°0FE 0010+ Sz o+ 612S2°0 v6152°0 ZLZ "0+ 89" 0+ L9162°0 66082°0 1€0° 0+ 29’0+ 92€00°2 $9200°2 pInbyq 6y-9€01 4otoqrey
96-01I8 ‘ON @1nsdep

.E.U Mm Wﬁahuﬂﬁ.ﬁﬁ.ﬁ, 189], 189) jusdaag ml°~ x sayoug 389 3189, Jusdaaq NIOH X sayouy 389] ulnﬂm jusdasq ﬂlc.— X sayouy 1891 3189], uoyjed0q *ON NOW 18TI23 B

wuun:o . anuuwi “s3ueq) 23uey) 1333y droyag a3uey) a3uey) X833y alo0yag @3uey) a8uey) 933y axojag uwauwpdedg
1BUOFSUAWE]  TeuoIsUAWEQ Saydu] ‘Zy3pT4  [BUOTSUAWIJ  TRUOTSUIUTQ oYUl ‘I43PfM  TBUOTSUSWIQ  TBUOTSUSWIQ sayouj ‘ysduag
usmgoadg uawyoadg uawgoadg wauwyoadg
4,008 1V SYNOH 000T ¥Od WAISSVLIOd NI Q3SOdXA SNOILVNIGWOD TVIWALYW ONIUVA ALVAIANYD 0 SAONVHO IHOIAM NV TYNOISNINIQ ‘A FTAVL

-37-~




*d,052¢ 3¢ INOH g/T1 PIARTIIdY S8aIlg (1)

6200+ p'o+ I8EP'0T LLED"0Z 210° 0~ £0°0- 628%2°0 2€8%2°0 800°0- 20°0- S¥L¥E 0 LyLvz o 800°0- LI0- 25000°2 69000°2 Jodep  OTV-L€£0T :vEN.ﬁ..o:

BLIL

£¥0° 0ot 9°0+ L1€9°6Z TIES'62 800°0- 20°0- 92162°0 8218%°0 ¥00°0- T0°0- 081620 1618270 €00° 0t 90° 0t 61200°2 £1200°2 todeps  01vV-9%0T aperp

850" 0+ 80+ TLLS 0Z €9L5°02 ¥00° 0~ 10°0- 6£692°0 (0145 4] 210°0- £0°0- L18¥2°0 ZEBPZ O 200°0- »0°0- ¥8000°2 88000°2 pInby] 6V-L£01 ACENhloz

8LTL

120° 0+ £°0+ 0€69°62 LZ69°62 ¥00°0~ 10°0~- £€6162°0 ¥S152°0 210°0- £0°0- 821S2°0 I€1S2°0 100°0- 20°0- 86200°2 00€00°2 pINbIY 6V-9V01 aperpy
¥5-0Id °ON aInsded

S60° 0t €1+ T201'1Z 8SOI"12 ¥90°0+ ST 0+ (4 24T A] 923S2°0 8¥0° 0+ 210+ 202520 061S2°0 920° 0+ 1570t PP666° 1 £6866°1 Jodes 81V-LE01 :vﬁNhloz

gLL ot 9 01+ €198°0T L0%8°0T 820° 0+ L0°0+ £€9382°0 962620 800° 0+ 20 0t L€2S2°0 S£2SZ°0 800° 0% 91" 0% ST1926°1 66GL6°1 xodep  QTV-SHOT 4O%0T+OTL

Te1 0t 81+ p0Z1°1Zz 981I1°1g SIt o+ 62°0+ 2223820 €61S2°0 800°0- 20°0r §9z262 "0 L9282 0 8€0° 0+ oL 0+ 68666°1 €1666° 1 pINbIT  L1V-2£0T :vEN.ﬁlo:

SPT T+ L ST+ 9€€8°01 6218°01 SIT O+ 6Z2°0+ 09252’ 0 1€gse’0 0z0 0+ S0° ot vL2SE 0 69262°0 600°0+ LI°0+ €6GL6°1 9L626°1 prnbyl 6V-SH0T AD%0T+OTL
09-219 “ON aTnsde)

60T 0+ S 1+ €801°12 8901°17 02070+ S0’ 0o+ 261520 L81S2°0 9€0° 0+ 60°0+ 0€3Se "0 13252°0 £20°0+ 9% 0+ 19666°1 56866°1 dodep  pZV-LE0T :VEIOH

L06

S90°0+ 6°0+ 8IEE'OE 60EE°0E ¥80°0+ 120+ 801520 L8062 0 ¥v0° 0+ 110t 1605 °0 08052°0 1€0°0+ 29°0+ L2€£00°2 $9200°2 xodep g1v-9£01 4o10qIB8)

LGE O+ 6°'¥t opPIT1*1Z 160T1°12 6L1°0+ SP 0+ [ 24T AN 002S2°0 L0170+ L2°0+ LigATa] 61262°0 900° 0+ 1T°0+ 1€666°1 02666°1 PINbIT  €3V-L£0T ACEIOI

L06

280°0- g1~ 8995°0¢ 089S °0€ 6£0° 0+ 01°0+ 62282 0 €1252°0 9€0°0+ 60°0+ 061S%°0 18152°0 9€0° 0+ L0+ LEEO0°T $9200°2 PINDYIT [TV~9£0T KoToqxed
1S-019d “ON ainsde)

uy/IN  sueadTITIA 1891 159L JusoIad g-OT X sayour ~3s3f 3591 Juadcxag £-01 X soyoul ~ 3sal 359 juadIad ¢-0T X sayou] 389], 389l UOJ3800T ‘ON NOW 1BTI938RK

aduey)y jydjom J333y  8aozag a8ueyp aduey)d a91FY ax0yag adusyd a3uey)d a931Y azoyag adueyd adueyd a933y aJoyag uawioadg
SweIn UF 3Y3JaoM TEUOFSUAWFQE  TeuoTsuawig sayoul ‘GY3PTM  T[BUOTSUdWTQ  T[eUOTsuUaWI] saoul ‘IY)PTA TeUOTSUAWYQ [BUOTSUIWIQ sayoul ‘yIFual
uamyoadsg uawyoadg uamyoadg usmyoadg
d,0021 LV SHNOH 000T ¥Od WNISSVLIOd NI 0ISOdXHT SNOLLYNIFGWOO TVINALVW ONINVAL ZLVAIINVD A0 SIONVHO LHOIAM GNV TVNOISNAWIA  °IA FTAVL

|
0
T




"d,052Z 1€ INOH g/1 PIAdTISY Ssars (1)

9£0° 0+ S0 + 656G6°0Z 0885°02 000°0 00°0 926¥2°0 9Z6vZ 0 030°0- S0° 0~ SI8¥2°0 02812 0 £00°0~ 90°0- 21000°2 81000°2 Todep 8V-L£01 AAvENFIOE

BLIL

v10°0- 2’0 - 8¥b9°6Z 0SH9°62 820°0- L070- 0z1gz 0 L2182°0 2€0°0- 80°0- Ly182°0 ¥00°0~ 60°0~ 29200°2 1L200°2 xodep 8V-9901 apeay

§GZ 0+ S°E + 0$85°0Z SI8S 02 LOT° 0+ L2 0+ 896%2°0 v6¥2°0 621° 0+ 2£°0+ SP8PZ 0 800°0~ 91°0- 86000°2 PI100°2 pInb11 LV-LEOT I3} WZL-ON

8LIL

9110~ 9'1T - 9¥65°62 296S°62 090° 0+ ST 0+ 800SZ°0 £66¥2°0 6L0°0+ 0Z°0+ 0LISZ 0 800° 0+ 9T 0+ P1€00°2 86200°2 pInb1l LV-9%01 apeay
£€6-0I9 "ON aInsdep

£V0° 0+ 9°0 + 6£21°12 €€21°12 2100+ £0°0+ £€02SZ°'0 00zSz°0 v20° 0+ 90°0+ veess o 822420 900°0- 11°0- 298661 £€2866° 1 xodes  0gv-L£01 AAvENHlOE

vGS 0+ 9°L + CTLSB'0T 96%8°01 ¥00°0- 10°0- v925z° 0 $9zST 0 ¥00° 0~ 10°0- 2£2ST° 0 £€242°0 10070~ 10°0- L6SL6°1 86SL6° 1 xodep  gIV-SPOT AD%OT+OTL

080° 0+ T°1 + 8G01°12 LPOT°12 960°0+ ve o+ 12252°0 L61S2°0 ¥90° 0+ 910+ 6£2SZ°0 £8242°0 600°0- 81°0- 2G866°1 0L866°1 pPINbIT  SIV-LE0OT AHV«ANH\OE

219°0+ v°8 + L6G8°0T €1S8°01 800°0~ 20°0- 1€25z2°0 £€262°0 00070 00°0 $92S2°0 c9g%e 0 000" 0 00°0 S66L6°1 $6GL6°1 PINbIT  TTV-SHOT Q0%0T+OTL
19-01d ‘oN o1nsdey

1S0° 0+ L°0 + PLTIT°1I2 L9TT1°12 910" 0+ P00+ vzzse2° o 0zZsZ°0 ZT0° 0+ £0°0+ L61S2°0 ¥6142°0 2£0°0- v9°0- 20666° 1 99666° T xodep  9zv-2£01 AAvENHIOE

L06

S¥1T0- 0z - 6EES°0E 6SES°0E 800°0+ 20" 0+ €81S2°0 18152°0 910°0+ $0° 0+ 9L182°0 2L142 0 100° 0+ 2070+ 9L200°2 ¥2200°2 qodep  pIv-9€0T Aotoqae)

0bz * 0+ £°E + 0911°12 2211°12 LOT 0+ LZ°0+ 822S2°0 102¢2°0 ¥90°0+ 910+ 9v2se o 0€2¢42°0 120°0- 2P0~ L9866°1 60666° T PINDTT  gZV-L£0T AavEN,HIOE

L06

16270~ £°01- €Z8EL°0E 926£°0€ 890° 0+ L1 0+ 8L16Z2°0 1915z°0 ¥v0° 0+ 110+ 1018Z2°0 06042°0 100°0- 20°0- 82200°2 08200°2 p1obIT  €Tv-9€01 4oroqaed
8G~0Id ‘oN ainsdep

ZW0/BN SWeIBITIIN  3sal 350, JusdIsg ¢-0T X sayoul ~3sal 1597 ENEREEX g-01 X sayour ~3saf 163], EUERREX §-01 X sououl 3sal, 153, UOT3e007 ‘ON NOW TETd03En

a8usyp 3ydtom as a1039g a3uey) a23ueyn X233V axo3ag adueyy a3ueyy a9y a10zo8 asueyp a3usyy 1033V a1032g uawioadg :
swelp Uy Jydyey TBUOTSUSWIQ  [eUOTISUSWI(Q sayou] ‘ZY3pIM  TBUOTSUBWIQ  TBRUOTSUSWTQ sayou] ‘TyIpPFM  TBUOISUSWIQ  [BUOTSUBWIQ sayou] ‘yjBueq
uauyoadg uawroadg uauoadg uawrdodg
d4,009T LV S¥ACH 000T YOd WNISSYIOd NI QISOdX3 SNOILVNIGWOO TYIHALVW ONINVAL HLVAIANYD J0 SHHNVHO LHOIAM ANV TYNOISNAWIQ *IIA F19VL

-39-




.ANEU 8€2°€1) eaae aoeyans uawioads £q ssol 3yStem Tenioe

*YSUT gZ'0 X UOUT GZ'Q X SaYIUT 00°%

*3aodax sty3} jo 68

*d,0522

*jxodax sIY} JU 8¢

*jxodax s1yY3 Jo it

je anoy g/1 PIAdT[dI-SSaILS

aged uo punojy eirep a3arduo)

aged uo punoj ejep 23ar1dwod

23ed uo punojy ejep 33a1dmod

Suiptalp £q pajernore)d

:suotsuauip uswiodoadg

)

<)

)

«©)

@)

(1)

807V "0+ 620° 0+ 9€0° 0+ vso+ Z€° 0+ 1% 0- £0°0- 20°0- L1°0- 00°0 €0°0- 90°0- Jodep on:Nhnos.l
8LT1L
¥60°0- £v0° 0+ ¥10°0- 620+ 61°0+ S0 0- 20’0~ 10°0- 90° 0+ L0°0- 80°0- 60°0- xodep apeid
>
£1€° 0+ 850" 0+ S5z "0+ L8 0+ £e' 0+ S0 0+ 10°0- £0°0- v0°0- L2°0t ZE 0+ 91°0- pInbry AmvENhloz
8L1L
L00°0~- 120° 0+ 9110~ 90° 0+ 1T 0+ y0°0- 10°0- £0°0- 20°0- ST o+ 02Z "0+ 91°0+ pInbIq apeId |
62070+ $60° 0+ £¥0° 0+ €0°0- 00°0 60° 0+ 91" 0+ [AS L 1670+ €0 0% 90" 0+ T1°0- zodep vaENh|os
vPL 0+ ELL 70+ $SS o+ T0°0- 00°0 ST 0+ 20°0+ 2070+ 91° 0+ 10°0- 10°0- 10°0- aodep A0%01-DTL S
y60° 0+ 110+ 080°0+ 62 ° 0+ 8170+ 80° 0+ 62 0+ g0°0- 9L 0+ ve o+ 910+ 81°0- pInbry nvaNHnos
SPT 1+ SPT 1+ z19° 0+ 00°0 1€ 0+ 820+ 620+ G0" 0+ LT 0+ 20°0- 00°0 00°0 pInbry qX%01-01L
160°0+ 60T ° 0+ 16070+ 20°0- 200+ 90°0- S0° 0+ 60°0+ 9% 0+ yo'ot €070+ $9°0- Todep nmvENB|os.k
L06
L80° 0+ ¢90° 0+ SP1°0- ot 0+ 02" 0+ 81° 0+ 1% 0+ 1170+ 290+ 20" ot v0° 0+ 200+ xodep fotoqxed
11 0+ LSE' O+ 0120+ GG 0+ v o+ 20" 0+ St o+ LZ°0+ TT° 0+ L2 0t 910+ gr 0~ pInbrI Amvsueuoz
L06
0¥2 "0+ L80° 0~ T6L°0- G20+ 89° 0+ 2970+ 0T "0+ 600+ [ LT O+ 1T 0+ 20°0- pEnbr fotoq.aed _
Amvrﬁcom 1e AvvaOONa 3e AmvmooomH 1e  2y3pim Typtm y38ua1  SYIPIM Tuptm y33ua1  2YyipIM Tyzpim y33uaT  uoT3}ed0T  TeTJId3leN “ON aTed
pasodxyg pasodxyg pasodxg Jd,008 2® pasodxy suswioadg 41,0031 3€ posodxg suswidedg d,009T 3e pasodxy suswidadg uauyoadg
suswioadg suauwyoadg suautdadg (S @) (€
T 3
NEU\ME Amvwwcmzo IyS1op ¢0T X saydsu]l nvawnnmso Teuorsuswtq
SUNOH 000T YOI WNISSVLOd NI dASOdXdA SNOILVNIGWOD TVIYILYW ONIYVAE ALVAIANVD JO SIAONVHO IHULIM ANV TYNOISNAWIA J0 XA4VAWNS °*ITIA AT9VL

-40-



Therefore, the decomposition of WC in Carboloy 907 to form MoC at the
Mo-TZM alloy surface would not be unexpected. A significant weight gain observed
for the Mo-TZM specimen (MCN 1037-A25) tested along with the Carboloy 907 speci-
men in the liquid zone would appear to substantiate the possibility of carbon
transfer from the Carboloy 907 to Mo-TZM alloy, The significance of the observed
decrease in length of the two Mo-TZM alloy specimens (MCN 1037-A25 and MCN 1037-
A26) tested at 1600°F in combination with Carboloy 907 is not evident at this time
and little importance is attached to the changes.

The weight loss observed in the Carboloy 907 specimen (MCN 1036-A11) tested
at 1200°F in combination with Mo-TZM alloy in liquid potassium is considerably
less than that observed in the 1600°F test; no weight loss was observed in the Car-
boloy 907 specimen (MCN 1036-A12) tested at 1200°F in combination with Mo-TZM
alley in potassium vapor. Both Mo-TZM alloy specimens (MCN 1037-A23 and MCN
1037-A24) which were tested at 1200°F in combination with Carboloy 907 exhibited
weight gains similar to the Mo-TZM alloy specimens tested at 1600°F in combination
with Carbolcy 907 with the weight increase of the specimen in the liquid zone be-
ing greater., Although these increases may be the result of carbon transfer, the
increase in weight in the Mo-TZM alloy cannot be completely accounted for from the
weight changes observed in the Carboloy 907 specimens, Significant dimensional in-
creases were observed in the width_ (surfaces perpendicular to surface facing Car-
boloy 907 specimen) of the Mo-TZM alloy specimen (MCN 1036-A23) from the liquid
zone, the length of the Mo-TZM allcy specimen (MCN 1037-A24) in the vapor zone,
and the lengths of both Carboloy 907 specimens.

The Carboloy 907 specimens (MCN 1036-A9 and MCN 1036-A10) tested at 800°F
in combination with Mo-TZM alloy show weight gains in contrast to weight losses
observed in the 1600° and 1200°F tests. The Carboloy 907 specimen (MCN 1036-A9)
tested in liquid potassium showed a significant increase in length and width
(surfaces facing Mo-TZM alloy specimen). The Mo-TZM alloy specimen (MCN 103%—A21)
tested at 800°F in combination with Carboloy 907 in liquid potassium exhibited a
slight ircrease in weight and in width.

Weight gairs were observed in all of the TiC+10%Cb specimens tested at 800°,
1200°, and 1600°F in combination with Mo-TZM alloy with the largest weight gains
cccurring in the 800° and 1200°F tests, The TiC+10%Cb specimens (MCN 1045-A9 and
MCN 1045-A7) tested in the liquid zone exhibited weight changes of identical mag-
nitude in botk the 800° and 1200°F tests. Although of smaller magnitude than ob-
served for the specimens tested in potassium liquid, the weight gain of the TiC+
10%Cb specimens tested in potassium vapor at 800° and 1200°F also were essentially
the same, Slight weight gains also were observed in all of the Mo-TZM alloy speci-
mens (MCN 1037-A13, MCN 1037-A17, and MCN 1037-A19) tested in liquid potassium with
TiC+10%Cb specimens at 800°, 1200°, and 1600°F., An explanation for the weight
changes observed in the TiC+10%Cb/Mo~-TZM alloy tests is lacking and it is hoped
that further evaluation will clarify these changes. Significant positive dimen-
sional changes in random directions were observed only in the TiC+10%Cb and Mo-TZM
alloy specimens tested at 800° and 1200°F,



The slight weight loss observed in the Grade 7178 specimen (MCN 1046-A7)
tested at 1600°F in combination with Mo-TZM alloy in liquid potassium is attri-
buted to carbon transfer and/or edge chipping. The weight gain observed in the
Mo-TZM alloy specimen (MCN 1037-A7) adjacent to the Grade 7178 specimen (MCN
1046-A7) can be attributed only partially to carbon transfer since the magnitude
of the change is too large in comparison to the loss observed in the Grade 7178
specimen. The significant dimensional increase observed in the Mo-TZM alloy
specimen (MCN 1037-A7) in the direction perpendicular to the adjacent faces of
the specimens during testing indicates a possible layer formation as the result
of the suspected carbon transfer.

No significant weight or dimensional changes were observed in any of the
Grade 7178 or Mo-TZM alloy specimens tested at 1200°F. The slight weight loss
observed in the Grade 7178 specimen (MCN 1046-A11) tested at 800°F in potassium
vapor probably is the result of edge chipping. A significant increase in width
(surface perpendicular to surface facing Mo-TZM alloy specimen) was observed in
the Grade 7178 specimen (MCN 1046-A12) tested at 800°F in potassium vapor.
Significant weight gains and dimensional changes were observed in both the
Mo-TZM alloy specimens (MCN 1037-All and MCN 1037-A12) tested in combination
with Grade 7178 at 800°F.

Generally, significantly larger or erratic changes in weight and dimensions

were observed for Mo-TZM alloy specimens in combination with other candiate mate-
rials and for Carboloy 907 and TiC+107%Cb in combination with Mo-TZM alloy than
were observed for similar specimens exposed individually to potassium. Metal-
lographic and x-ray diffraction studies in progress may provide an explanation
for these anomalies.

A visual examination of the test specimen combinations exposed to potassium
liquid and vapor for 1000 hours at 8000, 1200°, and 1600°F was made and the re-
sults are summarized in Tables IX, X, and XI, respectively. Subsequenily,
bearing material test specimens were sectioned for metallographic examination
and chemical analyses or x—r§y diffraction analyses in the same manner described
in Quarterly Report No. 8.(7 The metallographic preparation of these specimens,
and chemical analyses or x-ray diffraction analyses have been completed and their
evaluation is in progress.

The Cb-1Zr alloy containment capsules used for the 1600°F, 1000-hour iso-
thermal corrosion tests of the candidate bearing material combinations have been
sectioned and samples obtained from the inmer 0.020-inch thick layer in the
liquid zone for chemical analyses of oxygen, hydrogen, nitrogen and carbon in
the same manner reported in Quarterly Progress Report No. 8. 7 The data are
presented in Table XTI, A significant increase in carbon content was observed
only in the capsule containing the Carboloy 907 versus Mo-TZM alloy specimens.
Carbon transfer also was observed in earlier tests of individual candidate mate-
rials and was discussed in Quarterly Progress Report No. 8 7) and on page 23 -of
this report.

Results of metallographic examination of samples obtained from the liquid zone

of the Cb-1Zr alloy capsules is in agreement with the chamical analyses. A layer
of CbC was identified by stain etching techniques on the ID of the capsule con-
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TABLE XII,

CANDIDATE BEARING MATERIAL COMBINATION TEST SPECIMENS AND

CHEMICAL ANALYSES OF Cb-1Zr ALLOY CAPSULES CONTAINING

EXPOSED TO POTASSIUM FOR 1000 HOURS AT 1600°F

Capsule
No,

BIC-58
BIC-61
BIC~53

Control (1005-7)
Control (1005-4)

As=Received
(Bulk?)

Material
Combinations

Carboloy 907
vs Mo-TZM

TiC+107%Cb vs
Mo-TZM

Grade 7178 wvs
Mo-TZM

Chemical Analysesl, ppm

C

260/260

80/70

60/60

50/30
50/70

40

0

309/361

218/221

276/287

275/300
370/394

184

N

100/106

96/96

104/110

77/77
90/89

95

2/6

<1/1

<1/4

1/<1

6/1

lAnalyses of Inner 0.,020-Inch Thick Layer of Cb-1Zr Alloy Capsule

in the Liquid Zone.

Carbon Analyses by Combustion Conductometric,

2

0,080-Inch Thick Wall,

-49-
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taining the Carboloy 907 versus Mo-TZM alloy specimens, Figure 18. No other
significant changes were observed in any of the containment capsules,

B. Potassium Wetting

A sample of potassium was transferred from the titanium-lined, zirconium-
gettered hot trap into an 18-inch length of 0.5-inch OD x 0,020-inch thick wall
stainless steel tubing for use in the wetting measurementsp,.Purification,of the
potassium was described in Quarterly Progress Report No. 7.% ) Half of the 18-
inch long sample was utilized for chemical analyses for oxygen by the amalgamation
technique (helium cover gas) and for metallic impurities by emission spectrographic
methods. Duplicate oxygen analyses showed oxygen content to be 6.1 and 7.3 ppm.
Metallic impurities were generally below the detection .limits as shown in the fol-
lowing tabulation:

METALLIC IMPURITIES (PPM) IN POTASSIUM USED FOR WETTING MEASUREMENTS

Lab
No. Ag Al Ca Cb Co Cr Cu Fe Mg Mn Mo Na Ni Pb Si Sn Ti Zr

201 <1 <1 1 <1 <1 <1 <1 1 <1 <1 <1 .1 <1 <1 1 <5 <1 <5

A 4-inch section of the remaining stainless steel sample tube, containing
approximately 10 grams of potassium, was inserted into the potassium reservoir of
the wetting apparatus under high purity argon. _The transfer was made in a glove
box that had béen evacuated to a pressure of 10 torr prior to backfilling with
high purity argon, The potassium reservoir was sealed under the argon cover by
means of an ultra-high vacuum valve and subsequently was removed from the glove
box and attached to the wetting apparatus and the system evacuated and baked out.
Durihg bakeout, the lower portion of the reservbix containing the potassium was
cooled externally with tap watg§; after bakeout, with the system at room temper-
ature, the pressure was 5 x 10 torr as indicaited by the discharge gauge.

o

Formation of Potassium Drop

The potassium flow rate from the reservoir to the condenser as a function
of temperature was calculated in order to estimate the time and temperature ree
quired to distill sufficient potassium to the condenser to form a drop. Factors
involved in this calculation are the conductances of the various components in
the flow path, i.e., the reservoir itself, the ultra-high vacuum valve and the
potassium inlet tube. A description of these various parts of the system has been
given in previous Quarterly Report No. 8. 7 Also required for the calculation
is the equilibrium potassium vapor pressure as a function of temperature. 19 Cal-
culations for both molecular flow and transition region flow were made utilizing
methods described by Dushman,(l The results of these calculations are shown in
Figure 19 along with the equilibrium potassium vapor pressure. It is estimated
that about 0.1 gram of potassium on the condenser will be.required to form the
drop and from the data of Figure 19,a distilling time of about one hour at 220°C
is necessary to give the desired quantity of potassium,

=50~



Figure 18.

(A770111)

B1072-18

Transverse Section of Cb-1Zr Containment Capsule BIC-53

in Liquid Zone Showing CbC on the ID Surface After Exposure
to Potassium for 1000 Hours at 1600°F. The Capsule Contained
Specimens of Carboloy 907 and Mo-TZM Alloy in the Liquid

and Vapor Zones.

Etchant: Stain Etched (Ref. 6) Magnification: 1500X
N.A.: 0.95
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Before attempting to form the drop, the potassium in the reservoir was out-
gassed. This was accomplished by heating the reservoir, the valve, and the potas-
sium inlet tube while cooling the condenser with water., The remainder of the sys-
tem was at room temperature and the valve between the test chamber and the getter-
ion pump was open. Little gas was evolved from the potassium except at the melting
point at which time some pressure surges were noted. In attempting to heat the po-
tassium to a higher temperature to distill potassium to the condenser, it soon became
obvious that the potassium was not completely condensing on the condenser and a
visible film of potassium was forming on the interior surfaces of the test chamber,
including the specimen and windows. During this attempt, the potassium was heated
to about 180°C,

In subsequent trials, a drop was formed successfully by the following procedure.
The valve to the pumping system was closed, the upper portion of the system was en-
closed by the oven and the condenser was water cooled. The oven was heated at the
same time that heat was applied to the reservoir, maintaining the vapor flow path at
a higher temperature than the potassium. Distillation was carried out for 1-1/4 hours
with the potassium in the reservoir at temperatures between 210° and 220°C; then the
entire system was allowed to cool to room temperature. Subsequently, the condenser
was heated by a flow of hot air through the condenser tube. As the potassium on
the condenser melted, it readily formed a drop and fell to the surface of the speci-
men. A photograph of the solid drop so formed is shown in Figure 20a; the magnifi-
cation is about 1.5, the true drop volume is about 0.12 cc and the mass of the drop
is about 0.10 gram.

The photographs shown in Figure 20 were made utilizing a Gaertner Model M1OlAT
telemicroscope, a Reichert photomicrographic unit for a monocular microscope, and a
35 mm camera back with Kodak Plus-X film. In these initial photographs, the pic-
ture quality is rather poor due to incorrect focus.

Wetting of Mo-TZM Alloy by Potassium

The first wetting measurements were made on a Mo-TZM alloy surface utilizing
the drop shown in Figure 20a, The temperature of the system was increased slowly
by increasing the oven temperature. During the early portion of this run, the
condenser was maintained at a temperature lower than that of the Mo-TZM alloy speci-
men by a flow of air through the condenser tube. A rather rough measurement of the
condenser temperature was obtained from a thermocouple placed on the condenser exit
tubulation,.

At temperatures between the melting point of potassium and approximately 160°C,
the contact angle was constant at 135 degrees. The contact angle was measured di-
rectly by utilizing the protractor eyepiece on the telemicroscope. The contact
angle is defined as the angle between the liquid and solid surfaces as measured
through the liquid at the liquid-solid interface. A photograph of the liquid drop
at 98°C is shown in Figure 20b. At a temperature of about 160°C, evaporation of the
drop became appreciable resulting in a decrease in the contact angle. It was noted
that no spreading occurred and that the decrease in contact angle merely resulted
from the decrease in drop volume with the interface remaining stationary. A photo-
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graph of the drop at 193°C is shown in Figure 20c where the decrease in drop vol-
ume is quite apparent.

When drop evaporation reached an appreciably rate, the cooling air flow to
the condenser was decreased in order to allow the condenser to warm up and pre-
vent further evaporation of the drop. However, as the temperature of the condenser
increased and eventually exceeded that of the specimen, residual potassium on the
condenser evaporated and condensed on the spetimen. At this point, the drop col-
lapsed suddenly and spread out to reach a contact angle of about 10 degrees. A
photograph of the drop at 209°C is shown in Figure 20d. In Figure 21, both the
specimen temperature and the contact angle are plotted against time for this first
run on the TZM alloy surface.

After the completion of Mo-TZM alloy Run #1, the potassium was distilled back
to the potassium reservoir and redistilled onto the condenser in an attempt to form
a second drop. The potassium wet the condenser much better than on the first run
and considerably more potassium was required to form the drop. A photograph of the
second drop (solidified at 25°C) is shown in Figure 20e. As may be seen by compari-
son with Figure 20a, a considerably larger volume of potassium was obtained in the
seecond drop. The oven temperature was increased as in Run #1, except that the con-
denser was not cooled. In the Mo-TZM alloy Run #2, the potassium immediately spread
to the edge of the surface as soon as it melted and again reached a contact angle of
about 10 degrees. A photograph of the liquid drop at 66°C is shown in Figure 20f.
However, it was noted that a film of potassium had formed on the Mo-TZM alloy sur-
face before melting had occurred. Apparently, either during the drop formation or
heating of the oven to melt the drop, sufficient potassium to form a visible film
passed from the condenser to the specimen.

The potassium was distilled back to the reservoir a second time and redistilled
to'the condenser in order to place a drop on a dry surface, This was accomplished
by heating the test chamber and cooling the ‘condenser by air flow until the speci-
men reached a temperature considerably abdéve the melting point., At this time, the
condenser was permitted to be heated causing the drop to form and fall to the sur-
face of the specimen. Wetting occurred immediately, the drop spreading to the edge
of the specimen as shown in Figure 20g. The specimen temperature was 115°C at the
time the drop was formed and the contact'angle was about 10 degrees.

These three separate wetting tests on the Mo-TZM alloy specimen demonstrate
the general type of behavior to be expected for potassium in contact with the var-
ious candidate bearing materials. The contact angle depends on the previous his-
tory of the solid surface, and in particular, on whether the surface has been pre-
ciously wet by potassium. Although details of the reactions involved are not read-
ily apparent, it seems clear that some modification of the solid surface occurs upon
the initial contact of the surface with liquid potassium. Similar behavior has been
reported for sodium wetting iron, cobalt and nickel. %) It was concluded in that
study, that changes in contact angle reflect the reduction, by sodium, of the in-
visible oxide film present on the metal surfaces after abrasion in air. Such re-
action might well explain the observations made in the present study.
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Specimen Temperature, °C

Time from Melting, Min.

Figure 21, Mo-TZM Alioy Specimen Temperature and Contact Angle as a Function of
Time after Melting of Potassium Drop - Wetting Run #1.
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It thus appears that wetting of a surface by potassium does not involve a
unique contact angle and instead three separate conditions which may yield quite
different contact angles may be considered. These are: 1) advancing interface
over a freshly prepared surface, 2) advancing interface on a previously wet sur-
face, and 3) receding interface. It is frequently observed that advancing and
receding contact angles differ and the effect can be quite large.(13) This phe-
nomenon is generally known as hysteresis of contact angles. Although receding
contact angles were not measured directly, it is fairly obvious that the reced-
ing angle would be less than the minimum advancing angle, that is, less than 10
degrees for Mo-TZM alloy throughout the temperature range investigated in this
study. There is reason to believe that wetting would improve at higher temper-
atures,

The experience gained thus far shows several operational difficulties with
the apparatus. The contact angle can be decreased either by evaporation of the
drop to the condenser or by condensation of potassium from the condenser on the
specimen. Since the system is heated by the natural convection oven, there is
a temperature gradient within the oven with the upper portion of the test chamber
appreciably hotter than the lower portion. Also, since the condenser is attached
to the upper flange and the specimen is supported by the lower flange, the potas-
sium on the condenser is at a considerably higher temperature than the potassium
on the specimen, Therefore, the condenser must be cooled by air flow through the
condenser in order to keep the condenser at the same temperature as the specimen
to prevent transfer of potassium between the condenser and the specimen. The
ideal situation would be to have all the potassium which communicates with the
test chamber, i.e., the specimen, the condenser, and the reservoir (if the valve
is open), at exactly the same temperature and, in addition, have all other sur-
faces communicating with the test chamber at a higher temperature.

The first step to obtain better control of the potassium will be to place a
thermocouple within the condenser tube extending to a point near the condenser.
This thermocouple will indicate more accurately the true condenser temperature and
should permit closer determination of the temperature difference between the con-
denser and the specimen. With better control of the potassium transfer, it should
be possible to determine receding contact angles in addition to the advancing angle
over a freshly prepared surface and the advancing angle over a previously wet sur-
face. The measurements on the Mo-TZM alloy will be repeated after some improve-
ments have been made in the system and utilizing a freshly prepared surface.

=57~



C. Friction and Wear in High Vacuum

Upon reassembly of the modified loading arms in the high vacuum friction and
wear tester, test specimens were installed and three tests of Assembly VII were
completed. Prior to installation in the tester, the sgecimens were prepared in a
manner described in Quarterly Progress Report No. 9.(5 The 2-1b. capacity load
cell was used and was located 0.75 in. from the gimbal in order to magnify the
force signal when the force pickup is located in the plane of the dead weights.
At this location, any error in the fabrication of the threads or the removal of
slack from the force pickup connector cable allows the loading arm to vibrate
more during testing than would occur when the force pickup connector is in the
plane of the dead weights.

The tests were conducted at room temperature, at speeds of 500 and 800 SFM
and at initial pressures in the 10710 to 10~ torr range. The pressure in the
chamber remained at less than 1 x 107" torr during the tests with the exception
of test No. 300705B (Grade 7178 versus Grade 7178). 1In this test, the high load
(6.11 1bs.) resulted in a relatively high wear rate (27. 2 in3/10io ft. for the
rider; 347.0 in3/1010 ft for the disc) and a temperature rise in the test speci-
mens (520°F on the rider away from the interface) which caused the pressure to
rise to 5 x 108 torr. The average coefficient of friction was calculated to
be 0.54.

The results of these tests are summarized in Table XIII along with the results
of the previous 11 tests. Short testing times of < 60 minutes are the result of
high friction between the specimens which leads to slippage in the magnetic drive.
The static breakaway torque of the tester is regularly measured at about 50 1b.-in.
The Sandborn traces showing the changes in friction coefficient with time, photo-
graphs of the test specimens illustrating wear patterns, weight change data, and
surface finish measurements are presented in Appendix C. No attempt will be made
to present an analysis and interpretation of the test data until a greater number
of tests have been employed.
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V. FUTURE PLANS

The summary which follows enumerates the steps to be pursued during the
succeeding quarter to implement this study.

A,

B.

Complete evaluation of candidate bearing material comblnations which
were exposed to potassium for 1000 hours at 800°, 1200° , and 1600°F.

Complete high speed flow tests and finalize design of high speed pump
for potassium friction and wear test rig.

Conduct potassium wetting tests on Carboloy 907, TiC+10%Cb, and Grade
7178,

Conduct friction and wear tests in high vacuum (10_9 torr) for the
following material combinations: Grade 7178 vs 7178; Grade 7178 vs
Mo~TZM alloy; Mo-TZM alloy vs TiC+10%Cb.

Conduct elevated temperature compression tests with the following

materials: tungsten, Star J, Carboloy 907, Carboloy 999, and Grade
7178.
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APPENDIX A

REDESIGN OF LOADING ARM FOR FRICTION AND WEAR TESTERS
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Appendix A

Redesign of Loading Arm for Friction and Wear Testers

Methods of accurately estimating spring rate and other critical design para-
meters have been employed in order to correct the original approximations. The

applicable formulas are (1):

3
K, _E
P S i (Eq. 1)
@ 0 ZZ
3
AOF 6K__Eh R
K = L = 32 (Eq. 2)
y = &Y /e§ d-
= _ ¢ [P]
Koy = 1 {2l (Eq. 3)
L = m (Eq.4)
where:
a = bellows major inside diameter, in.
b = bellows minor inside diameter, in,
2
E = modulus of elasticity, 1lb./in .
h = bellows wall thickness, in.
-71=-




K = moment constant,

Ky = .deflection constant.

K32 = coefficient, function of diameter ratio,
}? = bellows active length, in.

M = moment, in.-1lb. -

N = no. of convolutions.

R = 1length per convolution, ine.

AFY = change in force, 1b,

AY = change in dimension perpendicular to

bellows centerline, in,

]

¢

angle of bend of bellows centerline, rad..

The two modes of bending are simple bending of the genterline of

the bellows (Eq. 1) and parallel translation of the ends of the bellows

(Eq. 2).

where:

They may be combined into one statement:

M, =M+ X A Fy)
M, = Q)§$ + X K A

@K, EnR X, AY 6 K EnoR
w . .32 ! 32
e 28R NN

6X_AY '
3 ) 1 .

Me = K32Eh b + 33 j) in-1lb, (Eq. 5)
X, = distance from gimbal to near end of

bellows along bellows centerline, in. ..
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For a bellows of nominal properties and dimensions,

a = 0,750 in,

b = 1,125 in.

E = 28 x 10° 1b/in®

h = 0,008 in,

K32 = (; 12;) f (0.667) = 46 from graph.
R = 0.112 in,/onv,

Eq. 5 becomes:

The

is then:

ry

The

into Eq.

eo

F
eo

F
€o

The

that the

6 X. AY
- (46) (28 x 10%) (0.008%) <§% + _5___1____;>
N° (0.112)

@ 478 32 X yaN'4
= 659.46 in-1lb. (Eq. 6)

error force at the specimen, located X

2 in. from the gimbal,

Té, 659.46 /a 478.32 X AY

X, - xé‘ \gN + N //

existing arm design is shown in Figure Al. Substitution

1b, (Bq. 7)

7 gives:

659,46 (?.20491 w 478,32 (1).(0.20491 d?)

4,880 2(9) 93

= 135.14 (0.01138 w + 0.13444 w)
= 19,705 w 1b. where W = sSpecimen wear, in,
redesign of the loading arm is shown in Figure A2. It is planned

X1 dimension be zero, producing AY = 0; however, let xl = 0,050
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* 5, 625 inz Lot B X20= 4, 880inT—

-] 1 in.h P 1b.

0.750 in,
1.125 ig.
28 x 10

= 0,008 in,
32 © 46 in.

= 0,112 in. /conv.
9 convolutions

1b. /in®

ZWREmo

w =0,20491 w

= 0,20491 w

Figure Al. Length and Deflection Characteristics of the Existing Loading
Arm Design.

—Tlb—




o3, 635in—— Xn=6. 865 in.

T Xn= 0 in. , P Ib.

-

ﬁ
\|

/

—N = 31 convolutions
otherwise, same as original design.,

=0, 14566 w

Figure A2. Length and Deflectiori Characteristics of New Loading Arm Design,

-75~



inch as a possible misaglignment error between the gimbal centerline
and the line of action of the bellows force., Then the comparative
bellows and deflections. are as shown by Figure A3 and substitution

into Eq. 7 gives:

o _ 659.46 (6;14566w , 478.32 (0.050) €0.050) (0.14566w?>
e 6,865 2 (31) 31)3

F__ = 96.06L (0.00235w + 0,00001w)

P, = 0.22670 v.

- The force errors, which decrease the load between specimens as

wear occurs, are of the order of 0.020 pound per 0.001 inch of specimen

~wear for the original arm design and 0,0002 pound per 0,001 inch of

specimen wear for the new design. Although the absolute magnitude is

not large, the 0,020 ;pound represents an error of about 25% per 0,001

inch wear for the lightest loads to be used.

.The pregeding proposed change was .incorporated into drawing 263E797,

shown in Figure A4, and iis component drawings. An assembl

‘drawing SK56131-468, was designed ‘to obtain proper .dimensional control

of ﬁ@efgrms{during the welding .operation.
The change incorporated a force pickup mounting position of only

0.75 inch from the gimbal centerline, thus giving a magnification factor

3.635

of §.7%0

= 4,847 over the friction loads which would be produced with

the force pickup located in the plan of the tray load.

Specimen Redesign - As an alternate to a loading arm design,
it is possible to accept the existing unloading error, and raise the
specimen compression forces to a level where the unloading error would

be an acceptably small percentage of the smallest compression force P.

-76-



bellows attachment
point

i\ s v " — — a— o— — — —— —— — — — w—— —a——

ANAYn A, Original Design

¢n = 0. 001 rad. '
/(i, shaft at specimen contact

G, shaft at 0,010 in. specimen wear

~— 0. 050 in. possibvle error

B. New Design

Figure A3, Comparison of Bellows Deflections - Original vs. New Design.
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If it is considered acceptable to have a 1% error per 0.001 inch of
specimen wear:

F

ea- 19,705 (0.001) 1b. = (0.01) ( P 1b.)

P =. 1,97 1b,

H

For a sphere loaded against a flat plate (2):

3
Max Sc. = 0,917 ' 2‘P - 5 (Eq. 8)
02 s Ve
. E-1 E2
Where:: V= Poisson's ratio,
D = sphere;d%gmgter, in,
2

E = modulus of elasticity, 1lb/in".
P = total load, lbf |

Se ‘= unit compressive stress, le&pZ.
Subscripts 1 and 2 refer to podies 1 and 2.

With no change in material properties, the ratio of sphere diameter

10 load 1is:

N
[

D
b 917 L2 . 2
3—_' <;ax Sj> 1JV1' . IJUZ' , k‘.99“3ta9t

E1 .E2

o
® '”
i

For a present light - load condition, Da = 0.2495 in. and P, =

10,0701 1b. .When P, = 1,97 1b,:

b
D 2 P 2
D 2 _ a b (0,2495) " (1,97) - 1.749
““b - P - 0.0701 ~ - *
a
Db = 1.322 in,

Although the above diameter could be achieved by the removal of a
few thousandths of stock from the existing hemispherical riders, this

plan was rejected in favor of correcting the bellows spring rate error.
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APPENDIX B

ANALYSIS OF LOADING SYSTEM ERRORS DUE TO DIMENSIONAL INACCURACIES
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Appendix B

Analysis of Loading System Errors Due to Dimensional Inaccuracies

Inspection reports of parts fabricated for the high vacuum friction tester
were analyzed to determine the deviations from the nominal blueprint dimensions
measured at various levels of allowable tolerances. The results are shown in
Table I. Primarily, it shows that the part dimensions will be within the allow-
able tolerance band with 96.4% confidence (1.85 standard deviations). This in-
formation will be used to assign probable dimensional errors where no inspection
dimensions are available and reported to be within tolerance or where any one of

several parts could be fitted into the assembly.
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TABLE I. STATISTICAL SAMPLE OF FABRICATION ACCURACY FOR
HIGH VACUUM FRICTION TESTER

Act . "NOm.
Inch

Allowable Tolerance, Inch

0,001 0.002

0.009

0.003 0,004 0.005 0.010

(=4
o
]
[<2]

> +0,016
+0.016
+0.015
+0,014
+0,013
+0.012
+0,011
+0.010
+0.009
+0.008
+0.007
+0,006
+0.005
+0,004
+0.003 i
+0.002

Number of
Samples

]

Allowable Limits

[
=
WoeoHHOOO

3]
o o

+0.001

20 3

=
© O

W WHWNHEKF®ARFEONORM N MW

0

68 13

[}
N

-0.001
-0.002
~0.003
-0.004
-0,005
-0,006
-0,007
-0.,008
~0.009
-0.010
-0.011
-0.012
£-0.012

12 6
1 | 10

[
o
o

[« ]2
OCWOolw|r K+

=
]
COOO0OWhkw

[1-N
©
HOOKFHFHOMROON|RIWNOKOHOOON

Size of
Sample

102 32

58 9 154 20

winloo~rBorH MO G

14

Std. Dev.
, In, x 1073

0.714 1.046

1.862 2,427 2,555 4.370

10,788

Deviation at
1.85(, In.

0.001 0.002

0,003 0.004 0,005 0.008

0.020
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Coordinate System - The baseline for measurements of dimensional

inaccuracies will be the line joining the actual centerline of the arm in the
planes of the gimbal and the specimen when the disc and rider specimens have come
in contact and when no side forces are applied. The positive directions are as

shown in Figure Bl,.

1,0 Mislocation of Disc Specimen - The disc specimen can be mislocated

from its nominal dimension because of the following reasons:

1.1 Tolerance stackup from the surface of the disc which contacts
the rider through all dimensions leading to the gimbal center-
line (calculated and measured deviations):

Yl,l = * 0.026 in,

1.2 Movement allowable in angular contact bearings on the shaft -

assume that magnetic attraction holds this to:

= * 0. in.,
Y1.2 0.005 in

1.3 Differential thermal expansion - using measured temperatures at

the end of the shaft and estimating temperature deterioration:

at R.T., RT'1.3 = 0 in.

ai 400°F, a00Y1.3 = + 0.022 in,
at 800°F, 800Y1.3 = + 0.044 in.
at 1200°F, 1200Y1.3 = + 0.066 in.
at 1600°F, 1600Y1.3 = + 0.088 in.

1.4 No deviations in the X or Z directions have significance except

in the location of the wear track on the disc.

1.5 The significance of the total deviation from nominal is that the
Y - axis (perpendicular to the arm centerline) is shifted from
coincidence with the line of action of gravitational acceleration
and the outside tray loads will not be coincident with compres-

sive force P between specimens:




~87~

i +
X X
. (0, 0, 0)
+X | | | ?;knmuuvxnfuuxnr \
~— + — <2 — 1_?___-——52—
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ta
C —{ d e
{
+Y
(1X)
YDV +7
(L Xi
.
+X | EiVVVUUU\AAAAAAﬂﬁﬁVUV\ﬂJVW/ // |
~f — - = m—
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%
+Z
o
N~ H N Figure Bl. Coordinate System for Error
§ Analysis of the Specimen
Loading System,
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Y +Y +Y
= arctan 1
s X

Where X9 = 6.865 in. (distance between gimbal and specimens), the

loading error which results will be:

91.5 = 100 tan Cil.s = 100 tan (0.0451 + 0,000801T) % error

The above figures give:

T €1.5
OF %
RT +0.4
400 +0.7
-0.1
800 +1.1
+0.2
1200 +1.4
+0.5
1600 +1.7
+0.9

The calibration procedure will be ammended to provide for the measure-

ment and correction of the thermal growth to give less than 1% error.

1.8 Out-of-plane rotation ( 7)direction) of £ 0.001 in., can cause sinusoidal

loading and unloading of the compression load P between specimens.

Let displacement Y = Y1.6 W/t in.,
. . : . . .
velocity Y = Y1 6 (Jsin ((Jt + ??) in./sec,
2
acceleration YY" = Y1 GLJ sin ((Jt +JT) in./sec?
where: t = time, sec.

(/ = angular velocity, rad./sec.

N rev [2_rad min__ 3 _ 9104718y X34
min \ rev, 60 sec. sec

Acceleration peaks will occur at{ ft = 0.5TTand 1.577.
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Y" max

2 (+
Y1.6 u (£1)
2
0.10471
Y1 6 (0.10 N)

+ 2
* 0.,01096 Y1.6 N

The effective mass m, of the arm which is accelerated is approxi-

mately:
t«—— b 3ol a »{ P
| | !
| I _ ® —
¢ SJ (moment of
A inertia) _ 0
my, = %_ (tray weights) Fl.6 = maY 1.6
b2
_J + mp = J + ab P
a a2 a
2
m = [0.24383 + 1.3717 p] x 10-3 1P sec”
a in.
From F = ma = ma Y" 1b.,

the error will be:

F
e = [ 1£6} 100 % error

100 [(0.24383 + 1.2717P) (i 0.01096 ¥, GNZH

1000P
- [0.26734 + 1.5040] v N2
1000P 1.6
6,1043
. = + _—
which amounts to 50e1.6 <: P + 34.3;9 %

at 4778 RPM for * 0.001 in, runout.

This error can be discovered by rotating the main drive shaft by
hand when the specimens are loaded slightly in excess of the tare
weight. Runout will be indicated by a dial indicator touching the

loading arm.
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Gross deivations from flatness of the disc specimens will effec-
tively cause loading errors by changing the compressive stresses

between the specimens. The spherical diameter of the deviated

surface will be:
D1 = 4b2 4+ 2
ab

and the stress between the specimens will be (1):

2
+
P D
Dl 2
2

1 - 1"_‘ g 2
Y1 + P
E, E,

max s¢ = 0,918 9

where the * sign is + for a sphere on a sphere and
- for a sphere in a spherical socket
b = chordal rise, in,

= chord length, 0,500 in. (width of disc)

D1 = diameter of the deviated disc surface, in.
D2 = rider specimen diameter, 0,250 in.

E = modulus of elasticity, psi.

P = compressive load between specimens, 1b.

sc = unit compressive stress, psi.

l/ = Poisson's ratio,

For a sphere on a flat plate

P
3 2

D 2 s 'Uz]

max s = 0.918
c

+
2 E1 E2

The load required to produce stress sc between the imperfect
surfaces is:

2 3 2
D 1l - 1 -
o _ Dl 9 max sc y 1 . Uz
- * E
d D1 D2 0.918 E1 9

=9(0=



The normal load is:

a S 3 1 2 1 - 2 :
P = D, * > W, Ve
O 918 E1 E2
The loading error is:
P - Pd 1 Pd
el.7 Bl 100 = L1 -7 100 % error
ur
- - 2 2
D.D
172 1
= |1 -l == —) 100
(Dl“Dz D,
r b2 + O 5002
2
= 5 100
4b + 0.500 + 0,250
2
_ 4b + 0,250 ] 100
4b + 0,250 *
2
~ (o 100
2,50 2 2
o~ - - :
~ 100 0.950 € b) (neglecting the b~ terms)

This error is approximately 0.8% for b=0,001 in,

Thereiore, the load

should be adjusted before testing or the results should be reported on

the basis of true stresses imposed.

The latter method will be used.

Mislocation of the disc specimen in thetﬁ(direction changes the

point of contact between the specimens in the X direction, leading

to a small speed error.,
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rotation

gt 2 in.

0.125 in,

i e

E; g =100 3 =50 (0.125 tan a) = 6.25 tan & %

The loading error associated with the above is:
= t .
el.8 100 tancA
Therefore, the blueprint flatness requirements of 0,001 inch TIR and
assembly requirement of 0,003 in. max. gap under specimens would
make the probable errors completely negligible:

0,001 + 0,003

tan A = " = 0.001
El g = 0.006%
€1.8 ~ 0.1%

1.9 Mislocation of the disc specimen in thef{direction is meaningless

because thig is the direction of rotation.

1.10 Mislocations of the disc specimen in the /direction has been dis-
cussed under 1.6 above; however, an additional loading error

can occur, Putting this on the same basis of * 0,001 runout

gives:
€1.10 = 100 tan sy | % error
= 100 Y1.6
2
= 50 Y1.6

0.05%/* 0,001 in. runout

Therefore, it is considered negligible.
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Mislocation of Rider Specimen -

No errors of consequence can occur in this location because the

specimen is press-fitted into the arm.

the centerline of the specimen hole and the gimbal pivot pins is

carefully measured and used in calculating tray weights needed to

The actual distance between

produce the desired compressive force between specimens.

The

protrusion of the rider from the arm is absorbed in the definition

of the centerline of the arm in the plan of the rider as being

0.250 in. from the specimen interface.

Deviations in the diameter of the riders will cause effective

loading errors by changing the compressive stresses between

the specimens. From 1.7 above, the load Pd required to produce

stress s, between the imperfect specimens would be:

Pg
= 0. - - 2
max sC 0.918 3 5 9 1 Lﬂz . 1 U22
2d Eq Ey
and between the perfect specimens would be:
0.918 P
mas s_, = 0, 2 2 2z
c -39 -
3 Dzz 1 Ui + 1 U
The loading error would be:
|P - Pg Py
= —_— - - — 0
e2,2 [ 5 ] 100 [ B 10
= [1 = D2d2] 100
D22
Let D2d = D2 + Ad
0.2+ 2 p.Ad + 0d2
- 1 - -2 2 ’ 100
€2,2 T NE
2
; 2
- 1- (1224 4 (& 100
D2 Dy

=93~
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2.3

o)
*
s

+ 200/d

Ad 2
2.2 - 0.2495

- 100 (0.2495

+ 801.60 Ad - 1606.4 AdZ

Since this error reaches 1% when Ad = 0.00125 in.,, it should be
accounted for by recalculating required loads prior to testing or
the results reported on the basis of true stress imposed. The

latter method will be used.

Mislocation of the rider in the & direction has a speed effect
of:

E, , = 100 (0'122 tandd) | 5 o5 tand %

Inspection shows tanch to be of the order of 0,005; therefore

the error is about 0.03% and negligible,

The loading error is:

€ = 1090 t = 1,8209 tana@ %

0,125 tan
2,3

6.8€5
This error is of the order of 0.01% when tand = 0,005, and also
is negligible.

LY ERT | + 3
tislocation cf the r

or /Ydirections has no effect

on loading.

Mislocation of the Vacuum Flange -

The vacuum flange mislocation from its blueprint nominal posi-
tion with respect to the gimbal may occur in the X, Y, Z, (%, ‘g,
and )/ directions or in rotation about its centerline. The effect
of the mislocations is to impose axial loads on the arm which are
absorbed by the gimbal bearings; and moments which are fully
accounted for by the tare weight and force pickup calibrations
immediately prior to each test. The spring rate of the bellows

is verified as acceptable by the tare weight test.
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5.0

Mislocation of Gimbal Components -

No mislocation of the gimbal centerline with respect to the rider
specimen can occur, however, errors with respect to the centerline
of rotation will cause speed errors. The stackup of measured and

probable dimensions gives:

E

4.1

0.026
2

) 100 = 1.3% error

No mislocation of the gimbal centerline in the Y and Z directions

is possible, by definition. Mislocation in the Qand )Qdirections
causes no error because of the freedom to rotate about the bearings.
Although bearing friction can produce errors in vertical loading,

force pickup calibration, and force signal readout,. these errors

appear to be eliminated by externally induced vibration of the gimbal

support during calibration to break static friction and by the pre-

sence of sufficient natural vibrations during testing.

Tilting of the gimbal in the &/ direction (see Figure 1) will not

cause proportional loading errors directly because the rider speci-
men has a hemispherical contour., Its effect will be upon the geo-
metry of the dead weight loading system and the force pickup, to be

discussed later.,

Thermocouples -

The presence of the arm thermocouples causes an error in spring
rate of the system, changing the load between the specimens as

wear occurs, This error is minimized by the attachhent of the rigid
thermocouple sheath as close as possible to the gimbal centerline.,
From this point, wires are run to an attachment point several feet
away, It is accounted for as part of the bellows spring rate dis-

covered by the tare weight test.

Mislocation of the Dead Weight Loading Point -

Essentially, there is no error in the X direction (see Figure 1)

because this dimension is measured and entered into calculations
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which define the dead weight required to produce the desired compres-
sive P between specimens, However, the actual application of the load

is through screw threads which have some clearance and runout in the

‘3direction.
The loading error associated with this dimension will be:
X
] 6.1
66.1 = 100 X % error
1
Where X1 = 3,635 in, (distance from gimbal to loading point)
X6 1° 0,005 in, (probable thread clearance)
€ 1 = 0.14% and is negligible

Loading through the screw by a free-swinging steel loop assures that
the line of action of the load passes through the center of the
measured loading point, whether the loading direction is coincident

or opposite to the direction of gravity.

6.2 An error in the Y dimension of the dead-weight loading point has no
effect upon the load. It is measured when the specimens are in con-
tact as a baseline for aligning the force pickup and force pickup

calibration bearing.

6.3 An error in the Z dimension has no effect upon the load (or counter-
weight) which hangs down through the support, it does effect the

load in the anti-gravity direction,

By careful loading of the arm with loads both in the direction of
gravity and opposite the direction of gravity, it is believed that
the dimensional error Z6.3 can be held to within 0,010 in, with
confidence, giving a force pickup error of:

ZG.3 Wag 0.010 (1.8886 P)

2 2
\/1;5 -FZG 3 1.5000

0.0126 P 1b.
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F
£ = 100 (F__)= 100 (0.0126 p ) _ 0.667 ik
fp fp

6.3 1.8886 f ff

Ffp = <force transmitted to the force pickup, 1b.
ff = coefficient of friction
P = compressive load between specimens, 1lb,
6,865
W, , ma = —_— = .888
ag X 3.635 P 1 6 P

and a dead weight load error of:

6.3 100

©]
n
=
1

ag

1.5 Wag 100

w \(1.52 + 0,0102
ag

0.002% (considered negligible)

I
=
I

The above loading error exists only when the anti-gravity load
Wag is the full tray load W0 necessary to produce the desired
compressive force between specimens. The error is less when
the wag load is merely a counterbalance load required to un=-

balance the arm in order to ohtain good tare test points.

6.4 Misalignment of the loading screw in the Cx direction is meaning-

less because the loading hooks swing freely in that direction.,

6.5 Misalignment of the loading screw in the‘fg direction is eliminated
when the lines of action of the loads in the direction of gravity
and opposite to it pass through the measured centerline of the
loading point. Careful use of the hooks eliminate this source of

error (see 6,3) on the 1load.

/3 - direction misalignment and fabrication inaccuracies misalign
the force pickup and force pickup calibration load attachment

points, These points are located at approximately 0.580 inch
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from the arm centerline. With a 2.5 inch long flexible connector

attached to the force pickup, the force signal error is:

f = -
6.5 1 F6.5 100
Ffp
- [1 - 2-5Ffp 100

- 2 N2
Fep \ 2.5%+ (0.580 Tan[Q)

= 0%
where F6 5 = erroneous force signal to the pickup
Ffp = true force pickup signal

Tan/3:= 0.010 by measurement and estimation

Similarly, the calibration force f'6 3 is affected because its arc

distance is about 1.25 in:

1.25
Y1.252 + 0,00582

100 = 0%

Misalignments in the Y’direction have the same effect upon the force
pickup as f6 5 and £f'_ _ above. They would, in fact, tend to be

. VeV
slightly less because the vertical error vector of the force would try

to align the centers of each end of the flexible connectors,

The vertical loading error is:

100 Ffp sinlg

€56 - W % error
- Fifp = f¢ % (Coefficient of friction)
Yo
where W, = dead weight loads to produce desired compressive

stress, 1lb.
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6.7 The errors in the Z andlfadimensions of the 0.25 in. hole through
the center of the loading arm have an effect upon the force signal
because gauges fitting into this hole are utilized to align the force
pickup centerline perpendicular to the arm centerline, If the di-
mension Z6,4 = 0.004 in, at 2,885 in. from a base point tan/£?6.4 =
0,0025 by measurement, and the gauges align the force pickup face center-
lines within 0,005 in,, at distances of 2.430 in. and 4.660 in, from the

arm centerline, the associated force error will be:

0.004
= . 2 = .
tan,e 0.0025 + oo 0.0039
0,0039 (4.660 - 2.430) + 0,005 + 0,005 = 0,019
2,230 F
£, = [1- fp 100
: Feo V2.2302 + 0.0192
= 0,005% (considered negligible)
6.8 An error similar to f can occur because of the use of gauges to

6.7
align the force pickup calibration forces perpendicular to the arm

centerline, With tagl} = 0,039 as before and a possible error of

0.010 in, in aligning the force connector at 1.25 in, from the arm

centerline, the force pickup calibration signal error is:

0.0039 (1.25) + 0,010 = 0,015 in.
£ = |1 1 Tip 100
= B b2 V)
6.8 Ffp V1.252 + 0.015

0.007% (considered negligible).

7.0 Inaccuracies in Force Pickup Location -

7.1 Mislocation of the centerline of the force pickup with respect to
the arm loading point in the X direction is expected to be about
0.005 in, because of the fact that gauges are used, With a force

pickup connector length of 2,5 in., the force signal error is:
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2.5 Ffp
Fip Y2.52 + 0.0052

100 = 0% error

7.2 Mislocation of the centerline of the force pickup with respect
to the arm loading point in the Y direction is expected to be
about 0.005 in., because of the fact that jo-blocks are used.

The force signal error £ = 0%, as in 7.1,

7.2
7.3 Mislocation of the force pickup in the Z direction with respect
to the arm loading point is manifested as slack in the force
pickup cable. Tension causes no error and only changes the point
on the disc specimen were the specimens come in contact. The
possible error is minimized by the following method during force
pickup calibration:
a) The approximate tare load is applied to the arm in the
direction of gravity and opposite the direction of
gravity in the absence c¢f any horizontal forces. The
arm is locked at the point of specimen contact,
b) The force pickup connector is attached to the arm,
c) An adjusting screw is locked in the position at which
slack has been removed from the connector and the ten-

sion load barely can be seen at the Sanborn recorder,

'-;
=
-

~ U mend U AL vanws
€ A and i1 G Il

€L
~

pickup
to those of the arm loading point, using special gauges

and jo-blocks, simultaneously with step (c).

If the calibration were completed with slack in the connector

the friction force produced between the specimens immediately
would remove it or the true force would be transmitted through

the slack connector. The effect of clearances in the threads would
be similar to connector slack, Both are accounted for by the pre-
test calibration of the force pickup. During loading, the con-
nector will stretch a negligible amount and the flexible end of

the force pickup will move about 0.005 in. in the direction of the

load (if loaded to full rated capacity).

=100~



7.4

Since slack of only 0.001 in, causes the connector to deviate
0.035 in, from a straight line (circular arc assumed), it is be-~
lieved that connector slack can reliably be held to less than’

0.001 in, by visual inspection alone.

The effect of thread clearance can probably be completely accounted
for by careful analysis of the force pickup calibration trace.

The most probable maximum motion of the connector will be about
0.0025 in, because the force pickups will be chosen to have a load
range of about twice the expected frictional forces. The con-
nector will stretch no more than 0,0015 in. at the highest expected
loads (calibration). The total maximum expected slack to be taken

out of the force pickup connector system thus is of the order of 0.005
6.875
3.685
of the specimens, The equivalent spring rate of the bellows (see

in., which translates to 0,005 0.009 in, in the plane

monthly report for August 1965) is of the order of 0.2 1lb/in. There-

fore the force error is:

f7 3 = (0.009 in.) (0.2 1b./in.) = 0,0018 1b,

Considering this error with respect to the pickup force Ffp to be

transmitted:
e - ¢op [6.865)
Ip T \3.635’
= 1.8886 f4P 1b.
f7 - 100 0.0018
. 1.8886 f¢P
0.1
T fp %
p

Mislocation of the force pickup in the CLdirection produces no error

because the pickup is insensitive to such a mislocation,

Mislocation of the force pickup in thgﬁg and "directions cause
negligible force errors, their effects being similar to those of

6.5 and 6.6 above,



7.6

8,0

The spring rate of the force pickup connector will cause an unloading
error of approximately 0,001 1b./0.001 in. wear. This rate will be
discovered as a part of the tare test, and may be accounted for

after the tests.

Mislocation of the Force Pickup Calibration Bearing -

The location of the force pickup calibration bearing with respect

to the arm loading point is set with a special gauge. The probable
maximum mislocation is about 0,010 in., leading to a calibration force
error of:

L}
£! = 100 1 - 1. 25F = 0.004% (considered

8.
1 ' V1.252 + 0.0102 negligible)

where the distance from the center of the calibration bearing to the

calibration force cable attachment point is 1.25 in.

The mislocation of the centerline of the calibration force cable in
the Y direction is held with jo-blocks to about 0.010 in., giving

an error, as above, of:

fé 9 = 0.004% (considered negligible).

Deviations of the position of the calibration bearing in the Z,(\, )8,

from such sources as the bearing friction and the cable stiffness
is thought to be removed by vibrating the arm support during cali-

bration to break static friction.

Mislocation of the Gravity - Reversal Shaft -

.1 The gravity-reversal shaft is located above the loading arms

primarily for the purpose of allowing the dead weights to pull up-
ward on loading arme¢ numbers 1 and 2, where the riders load down-
ward on the discs, On loadingarms numbers 3 and 4, a counterweight
is sometimes used in this location for tare weight determination,
The shaft may be mislocated in the X dimension by about 0.104 in.

maximum, The resulting loading error is:
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1.5 W
e = [1 - ag 100 % erwvor

WagV1.52 + 0.1042

0.24% (considered negligible).

The above error is a loading error only when the anti~gravity load
wag is the full dead weight load. It will be less when the load is
tounterweight only. Also, the wide belt used over this shaft will

allow the load vector to center itself, to a certain degree.
Mislocation in the Y dimension has no significance,

Mislocation in the Z dimension can be about 0.050 in. maximum, giving

a loading error of:

1.5 Wy

100 % error

1
[}
1

e =
9.2 W \/i.sz + 0.0502
ag

0.06% (considered negligible)

Again, this value will be less if the Wag load is merely a counter-
weight load. Also, the calibration procedure is expected to hold

the actual mislocation to less than 0.010 in.

Shaft mislocations in the () ,,B , and \fdirections have no signi-

ficance. The friction in the shaft bearings is another possible source

of the support during calibration breaks the static friction and that

natural vibrations during testing will accomplish the same result.

Use of Dial Indicator - A dial indicator located on the outboard end

of the loading arm has been found to be indispensable in determining
the exact point of specimen contact during tare weight tests and

other calibration steps. To prevent its presence from adding a

spring rate unloading error, its spring has been disconnected., The
weight of its moving parts has been measured so that accurate cor-
rections can be made if the dial indicator is present during tare
weight tests and removed during actual testing. 1In general, the dial
indicator is always present., Sticking of the dial indicator shaft

is overcome by externally induced vibration of the support during cali-

bration, and by natural vibrations during testing.
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Summary of Loading System Errors Due to Dimensional Inaccuracies

Ao

Where:

Summary of Loading Errors:
el 5 = 1.00% (calibration procedure to be changed)
0.26734 + 1,5040 2
°1.6 1000 P ] 1.6 Y %
e , =100 - 2.50 | 2 g
° 0.250 £ b
e1.8 = 0,1%
€1,10 %0 Y6 %
e, 5 = T 801.60Ad - 16.044d° %
ez.3 = 0,01%
€61 = 0,14%
e6.3 = 0,002%
®6.6 = 1"
eg‘1 = 0.24%
eg.2 = 0,06%
Z% - 0,552 + 100 tan (0,00451 + 0,000801 T)
0.26734 + 1,5040 2 2,50 2
* [ 1000 P ] Y1.6Y * [100 B (0.250 x b) ]
+50 Y, o F801.60 Ad - 16.04 Ad2 + £, %
T = test temperature, °F x 102
Y1 6= vertical runout of disc specimen when rotated about main
) shaft axis, in.
= rotating speed, RPM
b = out-of-plane deviation of disc specimen surface to be
tested, in,
Ad = deviation of rider specimen diameter from 0.2495 in., in.
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With a test procedure which holds 100 tan (0.00451 + 0,000801T)

to 1% and Y1 6 to +* 0,001 in.,,

0.26734 + 1.5o4op] N2 + 50

Y. e = 101.522 + 0.001 [ 5005

2
-(0—;%9%) F 801.60 Ad - 1606.3 Ad2 + ¢
at 764 RPM, 9
' 0.15605 2,50
286 = 102,45 + — - OETi-F)
¥801.60 Ad - 1606.4 Ad? + £ %
At 4778 RPM,
2
6.1032 2,50
2508 = 135.91 + —3 m—b)
T 801.60 Ad - 1606.4 Ad? + £, %

With no errors due to the variables in the equations, the constant

portions of the errors would be:
E:Sec
Zsoec = 35.91%

Which emphasizes the strong effect of the * 0,001 in. runout in

2,45%

the disc specimen at 4778 RPM.

B. Summary of Speed Errors

E g = 0.006%
E, , = 0.03%
Byop = 1.3%

E:E = 1,336% (considered acceptable)
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C. Summary of Force Errors:

0.667
£ = — %
6.3 £
fe.5 = 0%
fe.6 = 0%
fo 7 = 0.005%
fg.1 = 0%
f7.07 0%
0.1

f = %

7.3 £.P
f,5 = 0%

Y5 =0.005 + 2L 4 0-667 _ o005 + 1o 0.1 . 0.667 %

ffP- fe ff P

1
This figure will probably be around 0,005 + i‘
or less,

D. Summary of Pickup Calibration Force Errors:

t -
f6.5 = 0%
te.g = 0%
1 4 —
f618 = 0,007%
f£r 1 = 0%
7,6
3 —
f8.1 = 0,004%
1 -~
f8.2 = 0,004%
z:f' = 0,015% (considered acceptable)

The above error summaries refer only to those sources of errors dis-
cussed, primarily dimensional discrepancies, They cannot be considered
as full system errors until the electronics errors and dynamic in-

accuracies due to specimen wear also are considered.
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APPENDIX C

FRICTION AND WEAR DATA - HIGH VACUUM FRICTION AND WEAR TEST PROGRAM

-107-~



(T€2180590)

(999180993)

-0tl-

cOTUI~ - (IRR NiOA
- AL ST 1 o
<
aZueyd
: c - gsiurg
gzzge  — MEE3S
- Ttug ‘1ySrtoy
$12°0 - *uy ‘-eyq JIBOS JIBOM
9> ‘peanseaw joN - USTUTIJ 92BFINS IeT3aTUI
HWAATY - VM
sojnuly ‘swrl
09 S (61 S 0g S1 ot S 0

POV Senrr 2 Bl le]

................................... s\ ol
. . ; . | | m =t T
- 2WTI] YITM UOTIITIJ JO JUSIDOTFFS0) UT a3uey)
LL°0 - UOTADOTJId JO JUDIDIFJo0) adeaday
78 - osIq 1¥°6 - "UIN ‘uorjeang 3SsL VI-d-9€0T - oy uowroadg g9/T11/9 - @23ed 3S3L
*IOPIIX JO JBOM OATISSOOXO 09 728 - JOpPTIY 206 LoToqxe) - [eTI931EBN
9Nnp pP3JEBUTWIS] 3S9] - s)yIeway - GAD%Z 0 I0 SO TBIJISIBN/PBOT 00S - pas ‘poadsg 2ST(J T ~ "ON uay 3urpeor
¢ T i . ¢
g-0T X L°T - ‘xey 0€€ ' 18G - 1sd ‘ssoauajzg aatrssaxduo) Gg6 - A, ‘IAPTY JO LYY TXBW 1-3-9€0T - ‘oy uswioads I - “ON A1quassy
=01 ¥ 0OV - 3Ie3s L06 AO0T0Qae) - 1eTae3EN
- "IJO] ‘@anssoaad JIaquey) (6d)098° 11 - sq ‘peoT aATlssaxduop NA: SR BN ‘aanjeaadusay, 3S9L I9PTY VYS0600S - °"ON 131S9]

WANJYA HOIH NI Z06 AOT084VI SA

£06 A0709dV) ¥04 Y.ivd LS3L ¥VIM ANV NOILOIdd




VS0600S6 -~

=111~

‘oN- 3893

N/S WOII MD o006 3® Terpey - 3ded] JI933wOTTJoxd 3s91-350d

sayoug 2°0 1°0

N/S WOII M) 06 38 TBTIUSIDFUNOIT) — 3dea] JI93dUWOTTJOIJ 3S9]-31S0d

¥ 66+ - 1J5101/gUI ‘ojey Jedp

€9%°0+ - oUW ‘a3duey) oumioA

P89 P1 - W)/ Sud TA3Tsusq 1eTI93ER

8900° 0+ - a3uey)
L0€8°922 - ystutryg
6€28°922 - jxe3s
- g0/ sup ‘Judrag

ZL1°0 - *ul ‘UIpTH JIBDG Jeopy

¥-£ - SWH ‘SAy 'USTUTI 90BIINg TeTjTul

XS

X1

:*Jel

den

(6££180S90)

(10£18059D)




XS

i+ 3en

z_________:

(2€€180590)

: *Sep (S2918099D)

XS° 82

~cli-

8E€T° 0+ - ponoH\wnH ‘ajey aeay

L00° 0+ - mEE ‘53uey) SaWNTOA

¥89° %1

- mEO\mEo ‘£91sua@ TeIIS3EN

1000° 0+ ~ @3ueyp

2€0s'e - UsTulyg
1€06°¢ -~ HIEIS
- sup ‘Jy3topm
0 - ‘uj ‘"erq Jedg JEdM
o> ‘poanseaWl 30N - YsIulg 8deJIng T[eI3Tul
YIAIY - HVIM
S93NUIR ‘ouTrl

09 ¢S 0S Sy oy cg og 14 (/4 S1 o1 ] 0

0
e ——

_ i 1

- dWTL Y3TA UOTIOTIJ JO JUSTOTFIS0) Ul a3uey)

G9°0 - UOT2OTJIJ JO JUSIOTIFO0) d3eadAy
. - . [] ——— e e
6T - os1Q 00709 UTW "uotjeangq 3ssl ap-4-9€0T - 'ON uauroadg G9/11/9 - 3j3eq 3S9L
61 - xep1y L06 AoT1oqae) - TeTJIalel
- SHJIeuway - SKO%% "0 a0 §DN1 1eTJId}El/PEOT] 00S - WIS ‘poadg CERT ¥ - roN way Butpeoq]
60T X 76 - "xey 0¥9 ‘€T - T1sd ‘ssaxjg sATssaxduwo) S - d, ‘I9pTY JO LYY “XEBN $—-T-9E£0T ~ °ON uewroodg I - “ON A1qQWassy
g-01 X 6°¢ - 1dejg 106 LoToqae) - TETIJ3}BNR

~ JXJO], ‘@anssaxq Jaquey) G IFPT°0 - Sq1 ‘peo] satrssaxdwo) 1¥ - 4, ‘sanjersdusy 31S9L Iap1y VGOJ00S - "ON 1S9

WNNJYA HI9IH NI £06 AO1084Yd SA L06 AOT09dYI ¥0d4 VLivd 1S3l dVIM ANV NOILJI¥4



VS0300S -

-e11-

“oN 383

N/S WOXJ M) 006 38 TBIpey - 90BJI] I339WOTTIOId 1SIT-1S04

soyouyx

N/S WOIF MD 06

18 TBIJUSIDIWNOIT) - 90BJI], JI91dUOTTJOId 3ISOL-3SOd

689°0- - QHOMOH\MGH ‘93ey Jeopg

¥€0°0 - U ‘a3uey) aunNTOA

P89 P1 - gWd/ SwH ‘A3TSUSq TeTIER

G000°0- - @8uey)
9860°92¢ - UsSTUulg
1660°922 - 3jxe3ls
- WD/ sun ‘ySToM

0T0°0 - Ul ‘YjpIy JIBOS JBIMN

$-€ - SWU ‘JAy ‘USTUIJ ooBjang [EIJTul

XS

X1

:*Sel

:-3ep

(8€€£18059D)

(VO£ T80S9D)

o810 ~ dVIM



[ I

09

cs 0s

(PELT8089D)

Xs°82

: *Sey

(€£99180990)

1414

oy Ge

P11~

PPE 0~ - 3Io(0T/ Ul '33IBY T3

L6TO'0- - mES ~MWcm£O DU TOA

6ET°01

- mEO\wEo ‘£915U9(q TeTIL3E|

Z000°0- - d3uey)

cL8c'g - usturg
L.8¢'2 ~ HEIS
- sup ‘y3tapm

‘uy ‘‘erq IBOS B9

sajnuIpy ‘auty

og 414

9 > ‘paanseauw JON - YSIUTJ @2eJang TeIITUJ

YIAIY - HVAM

0zg Sl 01 < 0

*jusmdINSEeaW

anbJIo3 uUr SoIOBANOOBUL

JOo asneooq pPIIBA POIOPIS

~U0D j0U SNTEA UOTIJOTIJ
JO JUATIOTJIO0) - SHIBWDY

g-0T X L°T - "XBW
=01 X 02 - 3d1e]l8
- JJX0OJ, ‘@anssaxd xaquey)

WNNIVA HOIH

- - UOTJO9TJIJ JO JUSTOTIFI0) o3exaay

€T - os1a
L8 - J9p1y

- SXD%Z

"0 40 SO 1eTIa3EN/PEOT

018‘96 -

(6d)£80°0 -

1sd ‘ssoaxlg oAT1ssaxdumo)

sqrp ‘peor] aAatTssaxduio)

NI £06 AO108dYd SA A0V

00°09 -~ 'UIN ‘uOoTIeIng 3S9L

00S - W4S ‘poadg

ge - d, ‘4OPTH JO LY/ XEW

LY - g ‘e@anjeaadws] 3S39]

o

30Td ON - SWT] Y3 TA UOTIOTIJ JO JUSTIDIFIS0) ur alduey)

vS~dI-9€01 - ‘ON uswmroadg 69/61/9 - 23eQq 3S9L

L06 Lofoqae)y ~ TeTJIa3El

2S1Iq T - ‘oN way 3urpeorq

C-H-2£0T - °‘ON uswrdodg II - "ON ATquWassy
NZL-ON - TBIJI93EBR

I3PTY VG0600F - ‘oN 1sal

WZ1=-OW ¥04 V1vd 1S3l dV3IM ANV NOILJIHYA



-G1T-

N/S 3® TeIpP®Y - 3odsx]

}

soyour

NN 40V

NOISIAIG NOSSOH

- 8-
W

*TeTI9)BW

N/

S WOoIJF MO

I9pTI LOTTe WZL-OW JFO J9Jsued) uo paseqg (1)

vs06007v -

*ON 3s91

saj0N

B 5 o o _ONVIONI NI IOvW. L

006 3® TBTIUSISIUNDIT) - DoBIL IDJSWOTTIJOId 3S9L-3S0d

9G° T+ - 335(01/gUI ‘oley Jesp

(1) 68070+ - cupy ‘s3ueypy swnyoA

(T)6ET°0T - g/ sup ‘A3TSusq [eTIOIEN

6000°0+ ~ a3uey)
I166°G22 - ysTuly
¢066°62z - jxeas

- W)/ swp ‘1yITop

€90°0 - °ul ‘yYjpiy Jedg Jeoy

€-S°'T - SWY °*8ay ‘UsTurd Sdejaing IBIJTUY

XS

X1

:*Sen

:*3en

(1¥€£180S90)

o810 - ¥VIM



XS :-3en

g

P
oY | ¥4

(€€€T180590)

Xc 8z :°3epn

(¥09180990)

-9T1-

§'9L- - 3301/ ULl ‘91BY Iedy

8G°2Z21- - mES ‘a8uey) sunTop

P89 %1
- D/suy ‘AqTsuaq 1elIsjep

8T100°0- - 93usy)

91I8%° '€ - USTUTJ]

ye6v e - 31eag
- suwp ‘ydtoy

601°0 - *ujy ‘eI JIBOg JIBON

sejnuIry ‘auwrtl

9> ‘paansesw JON - YSTUrg 9oeJaAng [eBIJTU]

YIdIY - 4vam

09 e 0¢ 1414 oy Ge og 1414 (074 S1 01 S 0
0
..... EY -l
" sretescnnndunerrufuennen <=
: T
- SUTL Y3TA UOTIOTIJ JO JUSTOTIFOO0) Ul aluey)
€9°0 - uUOT1OTIJ JO JUSIOIJJO0) 93eadAYy
. *T = "ury ‘uorjleda
SATIp 69 - 9s1Q 26’1 n PIRINA 3851 ge-J-9€01 - °‘ON uewiodadg G9/61/9 ~ 93eq 3Say
o130oudew Jo o8eddils o3 69 - xopry L06 £o10qae) - jetaejey
SNp pajeUTWIS] 3S3] ~ SHIBWIY - SXD0%Z 0 IO SON 1eTJISjEl/pPeOT 00¢ - Was ‘poadg CERN € - °"ON wxy Burpeorq
er _ - 00F‘¢8% - 1sd ‘ssaajlg oAlssoaduo 06T - ¢ . .
g-0T X ¢'1 Xen 9 do IOPTH JO L7 "XENW €-H-9€0T - ‘oN uswioadg II - 'ON Alquessy
o=0T X G'9 - jae3g L06 LoToqae)y - ferasjey
~ JIJX0J ‘aanssaxg Jaquey) (La)o6'9 - sSqT ‘peor] asarssoxduo) Iy - ho ‘aanjeasadway j3say JI9pTY VS0LO0S - “oN 3sal

WNNJIVA HOIH

NI £06 AO108dYd SA

£06 AO1094VI Y04 V1vd

1531 dV3IM ANV NOILII¥d




-LI1-

N/S woXy M) ,06 1€ TBIPeY - 90BI)], J930WO|TJOId ISOL-3SO0q

VS0L00S -

“ON 3891

N/S WOIT MD 06 38 TBTIUDIDIUMOIL) - 90BJ] JI939WOTTJOIg 13S9L~-31S0d

6IT+ - 33510T/gUI ‘ojey Jeay

16T°0+ - ouly ‘93uey) suniop

P8O YT - cuwp/ sup ‘A1Tsusq TeTIOEBK

8200° 0+ - a3uey)
PP¥S 922 - ustuly
91¥S°922 - 3Iels
- WO/ swn ‘Jy3Topm

8L0°0 - Ul ‘UpTy IeBOg JBON

9 ‘V/N - SWi '8Ay ‘USTUTJ 90BJang [eTjTU]

X<

X

T

: el

(LEETB0S9)

O81d - ¥VIM



XS

- SeR (S£€18059D)

09

cg -0¢6

X8 :°3en

437 (0} 7 - 6g

(109180990)

-8T11-

GG6° 0+ - uonoH\mcH ‘ojey Jeay

Aavm¢mo.o+ - oW ‘a8uey) osumiop
(1)789° %1
- gWo/sup ‘A31susq TBIISIEN

8000°0+ - °3ueuy
L16€°'5 - uUsrtuig
606z - 31eIs

- swp ‘jy3tom

O¥0°0 - ‘ul ‘‘erq IEdS JBIN

sajnury ‘surl

oe 414

9> ‘paJnsesui JON - YSTUTJ 9deJIng [BIITUI

YIAIY -~ 4VIM

0g S1 01 S 0

[}

*juswRInNseaw

anbJo] UT S9IdBINOOBUT

JO asnedooq PITBA DPOIOPTS

~UOD 30U SONTeA UOTIDTIIJ
JO JUSTOTIFO0) - SyIeway

g-01 X 0°T = "Xep
g=01 X £€°¢ - 3Jde3g
- JJI0] ‘@anssaxq Jaquey)

WNNJVYA HIIH

- - UOT3OTIJ JO JUITOTJJ90) afeaaay

€1 - os1(
98 - Japr1y

- SA0%2°0 X0 SON Teraajlep/peor]

0Z20‘16 - T1sd ‘ssax3lg eArssexduop

(6d)180°0 - sqT ‘peoT aarssaxduwo)

00°09 - ‘ury ‘uorjeanqg 3s9J

00¢ - WS ‘poadg

0 - a4, "I3pTy JO I\ XENW

GL9 - I, ‘aanjexsduway 3say,

1

30Td ON - SWIL Y3TA UOTIOTIJ JO JUSTOTFF80) up oduey)

V9-d-9€0T - °‘ON uaurroadg €9/12/9 - 83eq 3say

L06 £LoToqIe) - TetrIajel

oSTd ¥ - "oN uway 3uipeor

9-g-L£0T - °ON uswioadg II - ‘oN fiquassy
WZIL-OW - 1etaajep

I9PTY VG060 — °ON 3S91

NI £06 AO1094v¥d SA AOTIV WZL-OW ¥04 Y1Va LS3L ¥vVIM ANV NOILOI¥A



-611-

N/S WOIXT M) o06 3e TBIPBY - 2dex], I933WOTTJoId 31s9L-3s0od XS :°3en (2¥£18059D)

v'0 €°0 sayoul ANV °0 0

X1 :-3en

# -u1 10000°

N/S WOIF MD o006 1€ TETIUSISIUNOIT) - BOBX] A93oWO0[TJOIJ 3S0L-350d

LE'S- - 3F01/gUI “ayey JBOM

9€T 0~ - Jul ‘a3uey)y oswnNToOA

P89 VT - qup/ sup ‘A11suoq [eTIIO)EBR

0g00° 0~ - a3ueyd
P119°9%% - ystulg
¥€19°922 - jaxeag
- g/ sup ‘JydtTom

- [eTIOleW OSTP T1€0°0 - °*ul ‘yipiy IeOS JBIAY
L06 AoToqae) Jo Jo9ysuex)l uo paseqg (1)
- S9j0N €-2 - gWH °"8Ay ‘USTUIJ ddejaIng [BIJTU]

VS06%0Y - °*oN 3say o81a - dViIM



=0
XS :3en (62£180590) Xs'8z :°3en (9%9180990) sayoug

9°'0 S'0 v'o €'0 ANt 1°0 0

9TL 0- - uonoH\mzH ‘@jey aeay

60%0°0- - o ‘ao8uey) awnyop

789 '¥1
- gy/sun ‘AaTsuaq TetIajel

9000°0- - a3uey) : . = Eie
gg0S € - Usturd | PO SACTS o 1 10000
820’ - 3Ie3s \

- sup ‘3y8toy

'

o1

E___;__;:::_ E____E_::
g 0¥ | ¥e

el mmmemwme

0 - "uy ‘-erq aedog aeay

- Ysturg edejaIng [ef3rul

YAdId - 4vVam

sajnuiy ‘Lury

09 GS oS Sy ov 41 o€ 114 014 S1 01 S 0

s | ~ muﬁv

1
301d ON - BuWTL Y3ITA UOTIOTIJ JO JUSIDTIJO0) ur ofuey)
*judueINSEIU =~ - UOTIOTIJ JO USTIDTIJO0) 93eIdAY
anbaol ur saroexnNOOBUT . - TUTy ‘uorzeing 385

JO 2sngdaq PITBA DPIJISPIS 9T - 9S1q 00709 ’ ’ - V.~d-9€0T - °"ON usuwrdadg §9/6/L - 93EQ 383

-Uod 30U SaNTeA UOT3OTJIJ 91 - JI9PTY L06 AoToqre) - Terxajey
JO JUSIOTIFO0) - syIeway - SA0%Z°0 I0 SON TeTJId3El/pPeROT 00S - WS ‘poedg oSTIQ T - "ON wIy 3utrpeorq
50T X 8°6 - "xey 086°66 - Tsd ‘ssaxjg aarsseaduo) gz - 4, ‘IapTy jJO Ly " Xel G-T-9E0T - ‘0N usmroadg Al - “oN A1quassy

6=0T X Z2°L - 3jaeilg L06 LoToqre)y - jetasiey
- JII0J, ‘sansseaq Joquey) (I)180°0 - sq1 ‘peoq aarssoadwo) 0gL - J4, ‘aanjeaadus], 3s9] JI9pTYH VSOIP0S - "ON 131891

WNNJYA HIIH NI £06 AOT08dVd SA £L06 AOT09dYI ¥04 VLVA 1S3IL ¥¥IM QNV NOILOIYA



-121-

N/s woay g3 506 3e 1etpey -
8. H0sI0

H /O TAVL
ny

B B

O MNVE IHL

90BJI], XI933WOTTJOJ

d 359l-31s0g

o o

~ Ul 20000"

IR

NOLLYS

VI dNvy
i i i

5

sayour

SIAIT NOSTOH

HNO ANYY

VSoAv0S

‘oN 1S9y

N/S WoxI md

006 38 TBTIIUSISFUNOIIY)

G°€-G6°%

90BJI] JI939UWOTITJOXd 3S38]-3S0d

€0°¢- - P.HOHOH\MHCH .@u&.m Ieopy

911" 0- - U ‘a3uey)y swnyop

LT00" 0~

P89°V1 - cwp/ sup ‘A1Tsusq Tetaslep

- 9a3uey)

V1S6°S22 - ystutg
1€66°G22 - jae3g

- gWO/ sup ‘Jy3topy

9T0°0 - Ul ‘U3pIy IEOS JBON

“8Ay ‘YSTUIJ edeJjang [EBTI3TU]

XS

X1

:*3en

:*Sen

(9€€180590)

(L0ET80S59D)

2814 - ¥VIAM



LSg- - 3Jo(01/ Ul ‘93BY Ieay

€L8°eT- - Ul ‘e8uey) sunoA

789 %1
- gWo/suy ‘A3ysusq TeTISIEN

9%81°0- - aluey)
[S02'¢ - ustuid
Lesy*e - 1lelg

- swp ‘ydtom

861°0 - *uy ‘°erqg IeOg JeOH

9> ‘peanseauwl 30N - ystutgd 9oeBJINg [eT3Tuf

YaaIiy - ¥vam

s9INUIK ‘aurty

09 GS 0S cy oV St 0g 114 (074 S 01 S 0
0o
............ F—
1
- SUWLL YITA UOTIDTIJ JO JUSFOTIFI0) utl aduey)
CGE°0 ~ UOTI3}OTIg FO JUSTIOTIIFI0)D omw&®><
. - . .
69 - 9sIQ 00709 - "W “uoraeang 3sa VZ-d-9€0T - 'ON uewydadg €9/9/L - 93EQ 3s3y
69 - JX9pT1y L06 Loloqae) - TeBIIajEBK
- SYJeuwdy -~ SXJ0%Z°0 IO SIN 1eBIXa3EN/pPEO 00S¢ - WJIS ‘paadg 25Ta ¢ =~ °ON uway 3urpeor
6-01 X g'g - "Xej 06£°68% - 1sd ‘ssaxjlg aarssaxdwo) SE€8 - g, ‘I9PTY JO Ly "Xep g-g-9S0T - ‘ON usurodadg AI -~ “ON A1quessy
01=01 X g°'g - 3de3g L06 foToqie) - teraojEey
-~ JJIo] ‘sanssaxg Jaquey) (4d)06°9 - sa7 ‘peo] sarssaxduwo) ¥ - g ‘sanjexadwsy 3saf IopTy 9S0L00C - “ON 3SoL

WNNJVA HIIH NI £06 AOT094YI SA L06 A0T09¥Yd ¥04 VIvVa LS3L dVIM ANV NOILOIYA



N/S woay MO 506 3® TBIPEBY - 30BIL J030WOTTJOId IS9L-3S0g XS :°3en (0¥ET80S9D)

P T
VAV L

TAYL

£5 e X1 :-3en
"ur 1000 g

G

N/S WOII MD 06 3B TBIIUSIDJUNIIL) - BoBa] I930WO01TJOIJ 3S0L-350g

T PI+ - 3FG10T/gUl ‘o3ey Jdedy

S69°0+ - oul ‘s3uey)y sunyop

789° 91 - gy / suH ‘A3isusg 1eTI9lER

¢O0TI0*0+ - alueyy
80S9°93% - ysiulg
90%9°922 - jaxeas

- gD/ suwhH ‘Qu3Topm

$60°0 ~ ‘Ul ‘yjptipy JBOS JEON

G-¢'¢ - SWY "8Ay ‘UsSTulg soejyang TerqIul

- 'O S9
450,008 N 31s9] o8I - YVIM



-pgl-

XS :°3en (92E£180590) XS°82 :-3el (£€09180990)

60° T-

sayoug

- 33101/ Ul ‘931BY JEoy

710° 0~
- MEE ‘o8uey) oumiop

¥89° %1
- mso\mEo ‘A3TSuUsg TeTIJIL31BY

2000°0- - a3uey)
G90G"€ - yUstutlyg
L906°¢€ - jIejg

- sup ‘y3toy

”_:?;:_E:m T
8

5OV | ¥2 o

P

S po L 120°0 - ‘uy ‘‘eig aedg Jeoy CEREEEEE S
<t ~ YsSTurg 9dejang TeIjTu]l
H4dId - Yvam
sajnury ‘ouwrl
09 1 s Sy o se o¢g 414 02 ST Ot S 0]
m m ' 1°
............ u. . E R S NSRS U eeens
....................... B I £
.................. - B et RS0
i N T A “ -
: i { 1
- SWTL Y3TM UOTIOTIJ JO JUSTOTFFO0) UT a3ueyp
8L°0 - UOT1D2TIJ JO JUSTOTJIB0) 93eaaAy
_ PO'GT - "urpy ‘uorjeang 1S9 —_——
. Oy - 2s1q . YOT-d-9€0T - ‘ON uswroadg €9/L/8 - 33BA 3S3L
9ATJIP Ot1j30oulew Jo a8eddris o3 oy - J9pry L06 £oT0qie) - TeTJI9jBl
an !
P POJBUTILI®Y 389 - syreway - SX0%Z°0 X0 SO0 TeTId3BJ,/PEOT 00S - pis ‘poadg 2s1q 1 - "ON uWiy Juipeorq
_0T X 8°8 - ‘xe 0€6‘90T - Tsd ‘ssoalg oAaTssaxdwo) g8 - 15 ;
moH X g°C - whmué o PTY 30 L7 "X 9-H-9E0T - °oN uswroadg A - 'ON Lflquassy
mwﬁo& - ,Hw (L) 8e 2 “ L06 £0TOqaE) - Teraajey
- d que - s BOT 8A d ‘ “ON ASoT
ud qT "peoq Tssaaamoy 08ST - 4, ‘eanjexadusy 3say Iopty VGOLZIS - °ON 31sol

WNNIYA HOIH NI £06 AOT08dYd SA £L06 A0109¥Yd ¥04 Y1va LS3L dVIM aNY NOILIIYS



-Ge1-

VS0L21S -

*oN 3183}

73S91-150g

N/S 3 TeT1UDID2IUMDII) - doed] JI9)}9WOITJoxgd 3SdL-3150d

SPS 0~ - 3F501/gUl ‘o3ed Jeop

L00°0- - JuR ‘@3uey) swnTOA

P89°F1 ~ cwo/ swH ‘£1TSuag TeTId3eR

T000°0- - aSuey)
¥S22°922 - ystutrg
GG3%°922 - jxe3g

- WO/ suy “uStop

910°0 - *uy ‘UpIp JEdS JedH

G-G'HF - SN 'SAYy ‘USTUTJ odejang [eIjTul

X<

(EFE180S90)

J81d - 4VIM



fa XTI L U

VSOHZ IS -

*ON 31831

‘uy 10000°

N/S WOXJ MO 006 31e IBTIJUSISJUMOIL) ~ 9OBI] JA930UWOITJOXg 1S9L-1S0d

0°9T- - 3J3[01/cUI 938y Ieop

€€6°0- - ouy ‘aduey) SuUNTOA

¥89°P1 - g/ sud ‘A31SuUaq 1eIJI23EN

LETO°0~ - aduey)
$698°922 - ystulg
26L8°9%2 - j3ae3ls

- g0/ swp ‘JyStopm

910°0 - *ul ‘yYyjpip JeOG JeOHN

€-G°T - SWd "3AYy ‘USTUTJ eoeJIng [BT3TU]

XS

X

T

:*Sen

Sen

(PPETB80S90)

(1T€T80S9D)

3810 - UVIAM



-821-
XS :-Sen (11£121592) X8z :Jey (12918099D) sayou]
9°0 S'0 v'0 €°0 20 °0 0
1 \ 1 1 1 i , i
, NOISIAIQ NOSEOH ¥YOTAYL MNvY  ‘NOHVSINVOYO ¥NVY IHL
1°9g~ - PMOHOH\MQH ‘ajey Ieay .. R SRS RO SO , b
; : . ! Hoooo.unml
’ ...,,; : : : .,I\*l !
120°0-- cuy ‘98UBUD SUNTOA - o oo f . M
; [ P e e |
10€° %1 “ B | | N,
- oUW, sup ‘A3Tsusq TeTISIER e . e
£000°0- - 83uey) _ M Tl i
GLOT' € - Ustutd 3 : A e L
8201°€ - 3IE3S w ! UI S0000° "Ry
- Tsup ‘3ydtop H - W T~
N << 2441 , ANVIONI NI 3aVW
8€0°0 - ‘ul ‘‘erq JeOg JE9p o ‘ ’
- YSTurg 9dejIng IeI3Tul
qadIy - ¥vim
S9)INUIK ‘ouwrtlL
09 cg 0 512 ov s¢ o¢ €z 0z QT 01 g
: '
R LTTE DEPTTE RPN *- " . ...... dennan B T et GETE -- B [ ECTTE SORSS. SDACTET SHURNIS SEERS ST
b | A T VO T
— -
P I : 1
- SWTIL Y3TA UOT3IDTI JO JUSIOTIFIS0) ur oSueyy
9G°0 - UOT3DTAJ FO IUSTOITIIB0) 98BIBAY
‘0 - ‘ury ‘uorjlex s9 —————————
69 - Os1IQ £870 n FABANA 31591 VI-d-9%01 - ‘oN uswioadg S9/01/8 - 93ed 3IS9L
‘peol Jo uotjedirtdde uodn 69 ~— JI9pT1Y

paanioexy OSTIQ - syIewey - SKO%Z°0 IO SON TeIJIajel/peo]

[ ‘
6-0T X 0°1 - ‘Xey 008 '¥8F - 1sd ‘ssaxjs earssaadwo)
6-0T X 0°T - jae3g
- JIJ0] ‘sanssaag Iaquey) (Ld) 219 - sq7 ‘peoq aaissaaduo)

00S - WIS ‘paadg

S¥ - d, ‘I9PTY JO LYy "XEN

Id - g

o ‘oanjeasadus], 3so

8LTL 9PeIh - Teiaajel

IS TI(Q T - "oN way 3urpeorg

€-q-9%0T - 'ON UawIdadg IA - "ON A1quessy
8LTL dSPBJID -~ TeTIdjEBY

I9pTY

VS0L00E -~ "ON 3S9]L

WNNJVA HIIH NI 8/LZ 3IAVd9D SA 8/1Z IAVYY Y04 VLVWA LSIL ¥VY3IM ANV NOILDIYS



—621- .
XS :°-3en (80£12TS9D)

3s91-3s0g XS :*Sen (LOETZT1S9D)

i
¥°0 €70 soyougl z2'0 1°0 Y
‘,) 7“
-
X1 :°'Sew (90£121590)
[ -
X1 :-3en (S0€TZ159D)
4
1
I
(Teo1d£]) 920vXl IX93)2WOITyOoxd 3IS3d]-3Id
4 sa1-3s04g
SYIBWOX 935 - 37);01/gUI '93ey JXeog [
jey Iesay ,
T 1
" 998 11 - W ‘S3uey) swnTop
D aumnjop
T0€°PT - gD/ swp ‘L3Tsuag [erIajeg _ )
s TetIazey
L691°0- - d3uey)
€80Z°L0Z - USTUlg )8¢ a8uey)
08LE° L0Z |.u.~aum YsTutyg
- ¢/ sup ‘Iy3Tag - 1ae3g o
EUERET
TI€0°0 - °*Ul ‘YIpTy IBOS IBOMN
, 109 Jeoy )
S°'I - SWU 'JAYy 'UYSTUTg 90BJINg [8TjTUL
\ 113 TUl . )

VGO0L00E -~ °ON 383} 3810 - UVIM

J8Ia - ¥VIM



-ge1-

250L.00¢€

*oN 1831

N/S 3® I8TPEY - 208JI] J938wWO|Ijolg 3S3alL-350d

N/S 38 TEBI]USI9JUNOII) — d0BI] JIISUWOTLJOIJ 1S9]I-1S0d

LVE- - 333101/gUI ‘ajey aeoy

2SS V- - oW ‘a3uey) aunyop

10€° V1 - gmy/ SwH ‘£311Suaq 1eTaojlen

1690°0- - aSueyy
619S°L0Z - ysiulrg
0LZ9°L0Z - j3aeasg
- WO/ swh ‘Iy3rom

8L0°0 - “Ul ‘YIpIy IO JEBON

G°Z - SWH ‘SAy ‘USIUIg 9dBjang TeT3Tul

XS

X

1

:*3en

(IP1£22159D)

(OV1£221S9D)

J8Ia - UVEM



XS :-3ey (2€1£221590)

09 cS oS

Xs°82

143 4

3

eN

oy

(19918099D)

ce

-Pe1-

LES’0-

9'0
|

ALG MOS0

sayouf

= 3F0101/ Ul ‘o3ey I8N

6%0°0-

7

- mEE ‘a3uey) ouNTOA

6€1°01
- mEo\wEw ‘A1TSus [BTJIDIBN

!
i

L /

, T B

A R L s

S . S

S000°0- - a3ueyd ot
LI8E€°Z - Ustutyq . _ \
2z8€'z - 13aeElS Sy

- swp ‘3yStom .

LY0°0 - *uy ‘-erq aedg Jeopy

sa3NUIK ‘Lurl

o€ 14

GNYIONT NI Iavi

(074

10
=
(=)
—

~ YSTUTg @dejang [eratuj

YIdId - 4vVIM

E{

y .

MHMVII\A\‘\

f}

- OWIL YJTAM UOTIOTIJ JO JUSTOTIJO0) UT o8uey)

00°T - uoT31DTIg JO JUSTOTIJ20) o3edaay
y - "UIN ‘uorjeda

€1 - os1q 00709 W Horieina asen VE-d-9%0T - oy uewtoodg €9/61/0T - 33eq 3soL

L8 - aopt1y 8LTL OPBID - TeTI9jER
- SYJIeuay - SAD0%Z "0 X0 SON TeTJIS8lBl/PROT 008 - WIS ‘poadg ISTIq 2 — °'ON wxy Suipeoq

. . GL'P6 - ‘ - 7 :

07-0T X 0°6 ~ -xey 0 4 1sd ‘ssaxjg sarssaadun) (4Y I, ‘I9PTY JO LYy “XEeW g-H-LEOT - *oN usurosdg IIA - “ON Aiquassy

01=0T X 2°9 - 3xe3g NZL-OW - 1et1JIajep
- JIJ0], ‘@anssexq Jaquey) (1)080°0 - sqq ‘peOT aaT1ssaxdwo) Iy - I, ‘@anjexodwsy j3sop TopTy V80M00T - ~“oN 3Sa1

WNNJVA HIIH NI 8LLZ 3AVd9 SA AQTIV WZL-OW ¥04 V1lvVa L1SIL ¥¥IM ANY NOILDIYA



-GEe1-

V80X00T

N/S 3® IBIPey - 9DBJI] I93d3WOIIJoIg 359L-350d

- °*ON 3s3)

N/S 3B TBIJUSIDJUMDIT) - JDBJI] ADJBWOIIJOIJ 31S9]L-3SOd

686°0- - 134{01/gUI ‘93ed JTeoy

160°0- - U ‘aduey) suniop

I0E€°P1 - cgwy/ swp ‘A3TSusq Terrsjel

€T00°0- -~ a3uey
91$0°L0Z - ysiuryg
62%0°L0C - jae3ag
- gWO/ sup ‘Judtopy

I€E0°0 - -ul ‘yYIpPTy Jedg Jeoy

S I~T - SWU 'SAy ‘YsTUTd 908Jang TE€I3TUl

XS

X1

3en

3en

(82T1€221S90)

(621£22159D)

o810 — UVIM



-9€T~-
XS :-Sen (£51€221590) X8z :-Jepy (259180990) sayouj
9°'0 S0 $°0 €0
) I I [
ge 1~ 0 NOSEOH ¥OTAVL ¥NV¥  "NOILYSINVOYO NNVY IHL

T 33010T/gHT "O3BY IEOM  pf— e

220°0—
- U ‘@3ueyp ounIoOA

10€°¥1
- mEo\me ‘A1Tsusqg TeTI93IBN

ﬂ

. I 50000
o T

1100°0- - 93ueu)

69L0°¢ - USTUMI

9LL0°¢ - }IIEIS
- swp ‘3y3rop

T &

890°0 - °"uy ‘‘eIqg JIedog Jeop

- Ysturg eoejang [eT3TUl

YIAIY - ¥VAM

S9INUIN ‘ouWTl

ne
VO

o]
N

02 S1 01 S 0

I9]
[32]

09 S 0¢s 14174 oy

(@]

~ TN - i AT . .

- SWIL Y3TA UOTIOTIJ JO JUSTOTIFI0) UT a3ueyp

o o

C6°0 - UOT3OTJIJ JO JUSTOTIIIO0) °23eaaay
. . . [

18 - 2S1Q 00°09 - ‘Ut ‘uorzeang 3sal Vg-d-L€01 - ‘oN usuroadg G9/€1/01 - @38Q 3S9L

?1 - I8Py NZL-ON - 1eTIJ938l
- SYIeuay - SX0%2°0 IO §ON Telxajey/peoq] 00§ - WIS ‘poadg o8Tq % - "ON Wiy Jurpeorq
6-0T X 0°T - "Xep 006°66 -~ 1sd ‘sseajlg aailssaadwo) 0¢ - d, ‘I9PTY JO LYy "XEW 1-T-9%0T - *ON uswroedg IIA - 'ON A1quassy

01-01 X 0°L - 3jxelg 8,12 9pean ~ BIJIS3BN
-  Xa0] ‘9anssaxd Joquey) (4)Z280°0 ~ sq1 ‘peor] aa1ssaaduo) JY - d, ‘aanjexsdus] j3sar J9pTY SC0N00Z - °‘ON 13891

WNNOYA HOIH NI AQTIY WZL-OW SA 8/1Z 3AVYD 404 VLVA LSIL ¥¥3IM ANY NOILDIYS



-LEI-

N/S IO MO 06 3E Tetpey

N/S 38 T8IPBY - 3D8I] I930WOIFJOIg JSoL-3

sod

4503002

- °*ON 3893}

. ONYIBNI NI Fave

1 IBTIJUDIBJUNODII) - 9deJd] JI933UWOTTIJOId 3S9L-3S0d

S-6°2

¢'VLl- - 333101/gUI ‘3ey Ieay

1€3°v- - S U ‘a3uey) swnjop

6€T1°0T - gwy/ swh ‘£3Tsusq TeTIajey

62¥0°0- - 93uey)
GE6L°GCT - UsTUuTg
YOS GST - 3JIe3S
- g0/ suH “Jydtoy

L¥0°0 - °ul ‘UIpTy Jedg Jeoy

- SWY '8Ay 'YSTUTJ 99BJINg [e1jTujl

X<

:*3en

(8€1€£221590)

(6€£1€£221550)

O81a - UviIM



DISTRIBUTION LIST
QUARTERLY PROGRESS REPORTS
CONTRACT NAS 3-2534

NASA
Washington, D. C. 20546
ATTN: J.J. Lynch (RNP)

NASA
Washington, D. C. 20546
A?TN: George C. Deutsch (RR)

NASA

Scientific & Technical Information
Facility

Box 35700

Bethesda, Maryland 20014

ATTN:

NASA

Goddard Space Flight Center
Greenbelt, Maryland 20771
ATIN: Librarian

NASA

Langley Research Center
Hampton, Virginia 23365
ATTN: Librarian

NASA-lewis Research Center
21000 Brookpark Road
Cleveland, Ohio 44135
ATTN: Librarian

NASA-lLewis Research Center

21000 Brockpark Road

Cleveland, Ohio 44135

ATIN: Report Control Office M.S. 5-5

NASA-Lewis Research Center
21000 Brookpark Road
Cleveland, Ohio 44135
ATTN:

NASA-lewis Research Center
21000 Brookpark Road
Cleveland, Ohio 44135

ATTN: R,L. Cummings (500-201)

NASA Representative (2) + Repro.

Dr. Bernard Lubarsky M,S., 500-201

-139-

NASA-lewis Research Center
21000 Brookpark Road
Cleveland, Ohio 44135
ATTN: G.M, Ault

NASA-lLewis Research Center
21000 Brookpark Road
Cleveland, Ohio 44135

ATTN: J.P, Joyce M.S. 500-201

NASA-lewis Research Center
21000 Brookpark Road
Cleveland, Ohio 44135

ATTIN: R.,L, Davies M.S, 500-201

NASA-Lewis Research Center
21000 Brookpark Road

Cleveland, Ohio 44135

ATTN: J.E, Dilley M.S. 500-309

NASA-Lewis Research Center

21000 Brookpark Road

Cleveland, Ohio 44135

ATTN: J. J. Weber M.S, 3-19
Technology Utilization Office

NASA-Lewis Research Center
21000 Brookpark Road -
Cleveland, Ohio 44135
ATTN: Thomas Strom

NASA-lewis Research Center

21000 Brookpark Road

Cleveland, Ohio 44135

ATTN: T.,A. Moss (NPTB) M.S. 500-201

NASA-lewis Research Center
21000 Brookpark Road
Cleveland, Ohio 44135
ATTN:

NASA

Manned Spacecraft Center
Houston, Texas 77001
ATTN: Librarian

Dr. Louis Rosenblum M.S. 106-1



Contract NAS 3-2534

NASA

George C, Marshall Space Flight Center
Huntsville, Alabama 38512

ATTN: Librarian

NASA

Jet Propulsion Laboratory
4800 Oak Grove Drive
Pasadena, California 99103
ATTN: Librarian

NASA

Western Operations Office

150 Pico Boulevard

Santa Monica, California 90400
ATTN: John Keeler

National Bureau of Standards
Washington, D. C, 20225
ATTN: Librarian

Flight Vehicle Power Branch

Air Force Aero Propulsion Laboratory
Wright Patterson AFB, Ohio

ATTN; Charles Armbruster ASRPP-10

Flight Vehicle Power Branch

Air Force Aero Propulsion Laboratory
Wright Patterson AF¥FB, Ohio

ATIN: T. Cooper (MAMP)

Flight Vehicle Power Branch

Air Force Aero Propulsion Laboratory
Wright Patterson AFB, Ohio

ATTN: Librarian

Flight Vehicle Power Branch

Air Force Aero Propulsion Laboratory
Wright Patterson AFB, Ohio

ATTN: John L. Morris

Army Ordnance Frankford Arsenal
Bridesburg Station

Philadelphia, Pennsylvania 19137
ATTN: Librarian

Bureau of Ships
Department of the Navy
Washington, D, C. 20225
ATTN: Librarian

Bureau of Weapons
Research & Engineering
Material Division
Washington, D. €., 20225
ATIN: Librarian

U,S. Atomie Emergy Commission
Technical Reports Library
Washington, D. C. 20545

ATIN: J.M. O'Leary

U.S, Atomie Energy Commission
Germantown, Maryland 20767
ATIN: Col., E,L, Douthett

SNAP 50/SPUR Project Office

Hationsl Aeronautics & Space Administration
Headquarters . |

Washingten,; D. €. 20546

ATTN: H, Rochen. (RNP) . '

U.S. Atomic Energy Commission
Germantown, Maryland 20767
ATTN: Socrates Christopher

U.S. Atomic Energy Commission
Germantown, Maryland 20767
ATTN: Major Gordon Dicker

SNAP 50/SPUR Project Offiee

U.S. Atomic Energy Commission

Technical Information Service Extension
P.0. Box 62

Oak Ridge, Tennessee 37831 (3)

U.S. Atomie Energy Commission
Washington, D. €. 20545
ATTN: M.J. Whitman

Argonne National Laboratory

9700 South Cass Avenue

Library Service Department 203-CE125
Axrgonne, Illinois 60439

ATTN: Report Section

Brookhaven National Laboratory
Upton, Long Island, New York 11973
ATTN: Librarian

Oak Ridge National Laboratory
Oak Ridge, Tennessee 37831
ATTN: W.0, Harms

-140~-



Contract NAS 3-2534

Oak Ridge National Laboratory
Oak Ridge, Tennessee 37831
ATTN: Dr. A.J. Miller

Oak Ridge National Laboratory
Oak Ridge, Tennessee 37831
ATTN: Librarian

Office of Naval Research
Power Division
Washington, D. C. 20225
ATTN: Librarian

U,S, Naval Research Laboratory
Washington, D, C. 20225
ATTN: Librarian

Aerojet-General Corporation
P.0, Box 296

Azusa, California

ATTN: Librarian

AiResearch Manufacturing Company
Sky Harbor Airport

402 Scuth 36th Street

Phoenix, Arizona 85000

ATTN: Librarian

AiResearch Manufacturing Company
Sky Harbor Airport

402 South 36th Street

Phoenix, Arizona 85000

ATTN: E.A. Kovacevich

AiResearch Manufacturing Company
9851 - 9951 Sepulveda Boulevard
Los Angeles, California 90045
ATTN: Librarian

IIT Research Institute
10 West 35th Street
Chicago, Illinois 60616
ATIN: Librarian

Atomics International

8900 DeSoto Avenue

Canoga Park, California 91303
ATTN: Librarian

=141~

Avco

Research and Advanced Development
Department

201 Lowell Street

Wilmington, Massachusetts 01800

ATTN: Librarian

Babcock and Wilcox Company
Research Center

Alliance, Ohio 44601-2
ATTN: Librarian

Battelle Memorial Institute
505 King Avenue

Columbus, Ohio 43200

ATTN: C.M, Allen

Battelle Memorial Institute
505 King Avenue

Columbus, Ohio 43200

ATTN: Librarian

The Bendix Corporation

Research Laboratories Division
Southfield, Detroit, Michigan 48200
ATTN: Librarian

The Boeing Company
Seattle, Washington 98100
ATTN: Librarian

Climax Molybdenum Co. of Michigan
1600 Huron Parkway

Ann Arbor, Michigan 48105

ATTN: Librarian

Carborundum Company
Niagara Falls, New York 14300
ATTN: Librarian

Chance Vought Aircraft, Inc,
P,0, Box 5907

Dallas 22, Texas 75222

ATTN: Librarian

Clevite Corporation

Mechanical Research Division

540 East 105th Street

Cleveland, Ohio 44108

ATTN: Mr. N.C. Beerli
Project Administrator



Contract NAS 3-2534

Convair Astronautics

5001 Kerrny Villa Road

San Diego, California 92111
ATTN: Librarian

Crucible Steel Co. of America
Pittsburgh, Pennsylvania 15200
ATTN: Librarian

Curtiss-Wright Corporation
Wright Aero Division

Wood Ridge, New Jersey 07075
ATTN: Librarian

E.I., DuPont de Nemours and Co.,
Wilmington, Delaware 19898
ATTN: Librarian

Inc.

Electro-Optical Systems, Inc.
Advanced Power Systems Division
Pasadena, California 91100
ATTN: Librarian

Fansteel Metallurgical, Corporation
North Chicago, Illinois 60600
ATTN: Librarian

Firth Sterling, Incorporated
McKeesport, Pennsylvania
ATTN: Librarian

Aeronutronic Div. of Philco Corp.

Ford Road

Newport Beach, California

ATTN: Ferne M. Black/HDL
Acquisitions Librarian

General Atomic

John Jay Hopkins Laboratory
P.O, Box 608

San Diego, California 92112
ATTN: Librarian

General Electric Company
Atomic Power Equipment Division
P.0, Box 1131

San Jose, California

Norton Company
Worcester, Massachusetts 01600
ATTN: Librarian

=142~

General Electric Company

Missile & Space Vehicle Department
3198 Chestnut Street

Philadelphia, Pennsylvania 19104
ATTN: Librarian

General Electric Company
Vallecitos

Vallecitos Atomic Lab.
Pleasanton, California 94566
ATTN: Librarian

General Dynamics/Fort Worth
P.0., Box 748

Fort Worth, Texas 76100
ATTN: Librarian

General Motots Corporation
Allison Division
Indianapolis, Indiana 46206
ATTN: Librarian

Hamilton. Standard

Div. of United Aircraft Corporation
Windsor Locks, Connecticut

ATTN: Librarian

Hughes Aircraft Company
Engineering Division

Culver City, California 90230-2
ATTN: Librarian

Kennametal, Incorporated
Latrobe, Pennsylvania
ATTN: Librarian

Latrobe Steel Company
Latrobe, Pennsylvania
ATTN: Librarian

Lockheed Missiles and Space Division
Lockheed Aircraft Corporation
Sunnyvale, California

ATTN: Librarian

Marquardt Aircraft Company
P,0, Box 2013

Van Nuys, California

ATTN: Librarian



Contract NAS 3-2534

The Martin Company
Baltimore, Maryland 21203
ATTN: Librarian

The Martin Company
Nuclear Division

P,0, Box 5042

Baltimore, Maryland 21220
ATTN: Librarian

Martin Marietta Corporation
Metals Technology Laboratory
Wheeling, Illinois

Massachusetts Institute of Technology
Cambridge, Massachusetts 02139
ATTN: Librarian

Materials Research and Development
Manlabs, Inc.

21 Erie Street

Cambridge, Massachusetts 02139

Materials Research Corporation
Orangeburg, New York
ATTN: Librarian

McDonnel Aircraft
St. Louis, Missouri 63100
ATTN: Librarian

MSA Research Corporation
Callery, Pennsylvania 16024
ATTN: Librarian

North American Aviation

Los Angeles Division

Los Angeles, California 90009
ATTN: Librarian

Pratt & Whitney Aircraft

400 Main Street

East Hartford, Connecticut 06108
ATTN: Librarian

Republic Aviation Corporation
Farmingdale, Long Island, New York
ATTN: Librarian

Rocketdyne

Canoga Park, California 91303
ATTN: Librarian

~143-

Sintercast Div. of Chromalloy Corp.

West Nyack, New York
ATTN: Librarian

S K F Industries, Inc.
Philadelphia, Pennsylvania 19100
ATTN: Librarian

Solar

2200 Pacific Highway

San Diego, California 92112
ATTN: Librarian

Southwest Research Institute
8500 Culebra Road

San Antonio, Texas 78206
ATTN: Librarian

Superior Tube Company
Norristown, Pennsylvania
ATTIN: Mr. A. Bound

Sylvania Electrics Products, Inc.
Chem. & Metallurgical

Towanda, Pennsylvania

ATTN: Librarian

Oak Ridge National Laboratory
Oak Ridge, Tennessee
ATTN: W_ H. Cook

Thompson-Ramo-Wooldridge, Inc.
Caldwell Res Center

23555 Euclid Avenue
Cleveland, Ohio 44117

ATTN: Librarian

Thompson~-Ramo-Wooldridge, Inc.
Caldwell Res Center

23555 Euclid Avenue
Cleveland, Ohio 44117

ATTN: G.J. Guarnieri

Thompson-Ramo-Wooldridge, Inc.
New Devices Laboratories

7209 Platt Avenue

Cleveland, Ohio 44104

ATTN: Librarian

The Timken Roller Bearing Co.
Canton, Ohio 44706
ATTN: Librarian




Contract NAS 3-2534

Union Carbide Metals
Niagara Falls, New York 14300
ATTN: Librarian

Union Carbide Corp., Stellite Division
Komomo, Indiana
ATTN: Librarian

Union Carbide Nuclear Company
P.O. Box X
Oak Ridge, Tennessee 37831
ATTIN: X-10 Laboratory

Records Department (2)

United Nuclear Corporation

5 New Street

White Plains, New York 10600-5

ATTN: Mr. Albert Weinstein
Senior Engineer

Universal Cyclops Steel Corporation
Refractomet Division

Bridgeville, Pennsylvania

ATTN: C. P, Mueller

University of Michigan

Department of Chemical & Metallurgical
Engineering

Ann Arbor, Michigan 48103

ATTN: Librarian

Vanadium Alloys Steel Company
Latrcbe, Pennsylvania
ATTN: Librarian

Vought Astronautics
P.0. Box 5907
Dallas, Texas 75222
ATTN: Librarian

Wah Chang Corporation
Albany, Oregon
ATTN: Librarian

Westinghouse Electric Corporation
Astronuclear Laberatory

P.0O. Box 10864

Pittsburgh, Pennsylvania 15236
ATTN: Librarian

=144~

Westinghouse Electric Corp.
Materials Mfg. Division
RD#2, Box 25

Blairsville, Pennsylvania
ATTN: Librarian

Westinghouse Electric Corp.
Materials Mfg. Division
RD#2, Box 25

Blairsville, Pennsylvania
ATTN: F.L, Orrell

Mr. Rudolph Rust - M,S. 138-214
Jet Propulsion Laboratory

4800 Oak Grove Drive

Pasadena, California 91103

Mr. W,H. Podolny

United Aircraft Corporation
Pratt & Whitney Division
400 West Main Street
Hartford 8, Connecticut

Zirconium Corporation of America
Solon, Ohio
ATTN: Librarian

Wyman-Gordon Company
North Grafton, Massachusetts
ATTN: Librarian

Westinghouse Electric Corporation
Astronuclear Laboratory

P.O. Box 10864

Pittsburgh, Pennsylvania 15236
ATTN: R.T. Begley

Union Carbide Corporation

Parma Research Center

P.0., Box 6115

Cleveland, Ohio 44101

ATTN: Technical Information Service

Westinghouse Electric Corporation
Research & Development Center
Pittsburgh, Pennsylvania 15235
ATTN: E.S. Bober

E.I. DuPont de Nemours & Co., Inc.
Wilmington, Delaware 19858
ATTN: E.M. Mahla



Contract NAS 3-2534

Westinghouse Electric Corporation
Aerospace Electrical Division
Lima, Ohio

ATTN: R.W, Briggs

Eitel McCullough, Incorporated
301 Industrial Way

San Carlos, California

ATTN: Leonard Reed

Mechanical Technology, Inc.
968 Albany-Shaker Road
Latham, New York

ATTN: Mr. Eli B. Arwas

Varian Associates
Vacuum Products Division
611 Hansen Way

Palo Alto, California
ATTN: J. Shields

Ultek Corporation
920 Commercial Street
Palo Alto, California
ATTN: Librarian

Dr. James Hadley

Head, Reactor Division
Lawrence Radiation Laboratory
Livermore, California

Sandia Corporation

Aerospace Nuclear Safety Division
Sandia Base

Albuquerque, New Mexico 87119
ATTN: A.J, Clark (3)

Aerojet-General Corporation
1100 West Hollyvale Street
Azusa, California 91703

ATTN: H. Derow, Dept. 4923

Atomics Ikternational

P.O0., Box 309

Canoga Park, California 91304
ATTN: R.W, Dickinson

Flight Vehicle Power Branch

Air Force Aero - Propulsion Lab. APIP-1
Wright Patterson AFB, Ohio

ATTN: George Glenn

~145-




